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Alloy 718 Ia a commercIal , wrought nickel-base alloy widely utilized In moderate temperature
structural applications and has been proporsed for use In advan ced nuclear systeim. In such appli-
cations, Alloy 718 will experience the combined effects of cyclic and static loading and sustained
elevated temperatures. However, when used in structures requiring welds, Alloy 718 exhibIts
reduced weld duc til ity and stra in age cracking when given conventiona l post-weld duplex ag. heat
treatments. A modifIed heat treatment has been previously proposed to obviate these problems and
thereby Improve structural reliability. 
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20. Abstract (Continued)
‘

The effect of conventional and modified heat treatments and combined cyclic and static loading
(hold time ) on crack propagation and deformation mode in two heats of Alloy 718 plate material
was investigated at 427 and 593 deg C. The fatigue results show that , in general , the resistance of
Alloy 718 to crack propagation at these temperatures was not adversely affected by the modified heat
treatment and , under most conditions, was found to be Improved in comparison with the conventional
heat treatment. Scanning electron microscopy (SEM) examination of the fracture surfaces of the
fatigue specimens revealed that the failure mode was dependent on test temperature and heat treat-
ment. The material given the conventi onal heat treatment exhibited transgranular failure modes at
both test temperatures. On the other hand , the modified heat treatment produced transgranular
fractures at 427 deg C and intergranular or a mixed failure mode at 593 deg C. ~~‘ransmIssion electron
microscopy (TEM) techniques were used to characterize the microstructure produced by both heat
treatments. The relationships between microstructure, failure mode , and deformation mechanisms
contributing to the crack propagation behavior were investigated using plane strain specimens deformed
in plastic bending The results are discussed on the basis of the comparison between the plane strain
deformation mechanisms and the observed crack propagation behavior.
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EFFECT OF HEAT TREATMENT ON FATIGUE CRACK PROPAGATION
AND DEFORMATION MODE IN ALLOY 718

AT ELEVATED TEMPERATURES

INTRODUCTION

Al l oy 718 is presently being considered for elevated temperature
structural applications in breeder reactor systems. However,recent
work (1) has shown that Alloy 718 may exhibit low weld ductility and
heat treat cracking after conventional post—weld duplex age heat
treatments. Alloy 718 and other nickel—base alloys (2,3) are
susceptible to heat treat cracking as a result of a critical reduction
in ductility within the heat treat i.ng temperature range of the alloys.
When in this brittle condition, residual welding stresses or thermal
cycle stresses may produce strains which cannot be accommodated by the
microatructure and cracking or failure occurs. Because of these
problems of low ductility and heat tres~t cracking in conventionally heat
treated welds , severe design penalties are being imposed on welded Alloy
718 components proposed for breeder reactor systems. As a result of
studies by Keiser (1) which identified the conditions , causes , and
methods for preventing heat treat cracking in Alloy 718, a modified heat
treatment was proposed to improve weld ductility and minimize heat
treat cracking.

It is recognized that under the service conditions of breeder
reactor systems the Alloy 718 structural components will have to
withstand the effects of static , cyclic , and combined loading at
elevated temperatures. Studies have been conducted to determine the
effect of the modified heat treatment on tensile properties (1), impact
strength (4), and crack growth under static load (5) of Alloy 718.
James (6 ,7) has extensively studied the effect of heat treatment on
fatigue crack propagation at elevated temperatures in Alloy 718 base
metal and veidments given the conventional and modified heat
treatments. Little information is available , however , re garding the
effect of the two heat treatments on the relationship between the
inicrostructure and deformation behavior in fatigue.

The purpoa~ of this report is to present results from an
investigation of the effect of conventional and the modified heat
treatments on the relationship between f atigue crack propaga tion
performance , fracture modes and microstructure of Alloy 718. To meet
these obje ct ives , selec ted fa tigue tests were conducted at two
temperatures and loading conditions and an extensive metallographic
study was performed. These results were then applied to a discussion of

Note: Manuscript submitted June 26, 1978.
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the effect of microstructure on the hIgh temperature deformation
processes and failure modes in Alloy 718 when subjected to cyclic and
combined cyclic and static loading .

EXPERIMENTAL PROCEDURES

Material

Two heats of Alloy 718 received in the wrought p late product form
were used in this investigation. Both alloys were produced by vacuum
induction melti~’g and refined by vacuum arc remelting . The material
sources and the chemical analyses are given in Table 1. Details of the
heat treatments given the alloy s are presented in Table 2.

Microhardness

The response of the alloys to heat treatment was initially
evaluated by hardness measurements at room temperature . 

~ 
The

measurements were performed on a microhardness tester using a 136
diamond pyramid indentor and 100 gui weight. The diamond pyramid
microhardness (DPH) data reported represent the average of at least five
determinations taken from unstressed , polished portions of tested
specimens . in instances where the microstructure indicated possible
acute inhomogeneities , microhardness data were also obtained in these
areas and compared with the general value.

Fatigue Tests

Standard 1/2T and iT compact tension (CT) specimens meeting ASTM E—
399 criteria were used for the fatigue crack propagation evaluations.
The specimen dimensions are shown in Fig. 1. All specimens were machined
from plate material in the L—T orientation (i.e., the fracture plane was
normal to the length or final rolling direction of the plate and the
direction of fracture propagation was coincident with the transverse
direction of the plate). Crack growth in the specimens wan monitored
remotely on one specimen side surface using a high resolution television
system. In the 1/2T CT specimen, crack length determinations proved to
be difficult because the crack was very straight and sharp with no
visible associated deformation. The l/2T CT specimen design was
modified to incorporate a deeper notch , 13.7 mm, and a longer W
dimension , 34.3 nun, to allow for a longer crack run but still
maintaining a/W ratios similar to the standard i/fl CT specimens. This
modification essentially provided a longer crack length and appeared to
facilitate crack length measurement by allowing a greater number of
length samplings particularly when failure was imminent.

Fatigue crack propagation tests were performed in air at 427 and
593 deg C. Sawtooth, zero—to—tension loading was performed in
electrohydaulic testing machines operating in the load control mode.
The stress ratio, R (i.e., ratio of minimum to maximum applied stress),
was approximately 0.05 for all tests. Specimen test temperature was
achieved inductively and temperatures were controlled to +3 deg C with

2
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Table 2

Heat Treatments

Conventional Annealed for 1 hr at 954 deg C, He
cooled a to room temperature . Aged
8 hr at 728 deg C, furnace cooled
56 deg C/hr to 649 deg C, aged at
649 deg C for 10 hr, He cooled to
room temperature.

Modified Solution annealed for 1 hr at 1093
deg C, furnace step cooled at 38 deg Cl
hr to below 538 deg C , He cooled to
room temperature. Aged 4 at 718 deg C,
step cooled at 38 deg C/h.
deg C, aged 16 hr at 621 o~.
cooled to room temperature.

aH cooled in “cold wall” vacuum furnace.

4
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O.O5 R~~~~~~~~~~~~~ 
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L DIMENSIONS IN mm

SIZE L H f a W

0.5T 31.75 30.48 2.70 11.13 25.40

MOD. 40.64 30.48 10.16 3.72 34.29

IT 63.50 60.96 25.40 ( 9.48 50.80

Fig. 1 - Dimensions of compact tension fatigue
crack propagation specimens.
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a t empera tu re  gradient  along the f r ac tu re  p lane of less than 10 deg C.

The data  obtained from the fa t igue  crack propagat ion tests  were
anal yzed to y ield crack growth ra te , da /dN , as a f u n c t i o n  of the s tress
in t ens i t y  fac tor  range , K , according to the f a m il i a r  powe r law of Paris
and Erdogan (8) :

da/ dN = C~~ Km ( 1)

where C and m are parameters , which are believed by some invest igators
(9 , 10) to be cor rela tab le  wi th i n t r in s i c  m a t e r i a l  cons t an t s .  Crack
growth ra tes  were determined by computing the slope between crack
lengths increments  on a c u r v e— f i t t e d  p lot of crack length versus number
of cycles . The s tress i n t e n s i t y  fac to r  was der ived using the ASTM E—24
Fatigue Coinniittee recommendation for CT specimens which is given by the
fo l lowing  express ion:

= 
i (2 +~~) (0.886 + 4 .54a — 13.32a 

2 
+ l4.72,a3

B (W)~~
2 ( 1 — a ) 3 

— 5.62cr4 ) , (2 )

where:

- K = s t ress  in tens i ty  f ac to r
P = app lied load
B = specimen thickness
W = specime n wid th
a = a/ W.

M i c r o 8 t r u c t u r al  Analys is  and Fractography

Various techniques were employed to examine the micros t ruc tures
and identif y the i n t er m e t a l l i c  phases present .  The microstructures
produced by the heat treatments were characterized by optical and
scanning  e lec t ron  microscopy (SEM) of polished and etched
metal log raphic sections , and by t ransmission electron microscopy ( TEM )
of th in fo i l s .  In a Beparat e s tudy,  Evers , et al .  (11) conducted energy
dispersive x—ray analysis , x—ray fluorescence , and x—ray diffraction
analysis of electrolytically extracted phases from Heat B material.
Specime n f r a c t u r e  surfaces  were examined using SEM procedures to
determine the mode of f a i lu re .  The surfaces were then e lectrolyt ical ly
etched and reexamined to evaluate the correspondence between the
various precipitated phases and the fracture mode.

Deformation Mechanisms

The relationship between the micros t ruc tu re  and deformation
behavior was investigated by SEM analysis of fatigue fracture surfaces.
The characteristics of the plane—strain deformation processes active at
427 and 593 deg C were examined in air and vacuum using a technique
similar to that of Hahn and Rosenfield (11). In the present work,

6
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t es t  s t r i ps 17.7 mm wide by 1.3 mm t h i c k  were e le c t r o p o l i s h e d  p r io r  to
being deformed in t h r e e — p o i n t  bending  to a nomina l maximum f i b e r  s t r a i n
of 30 pe rcen t .  It has been repor ted  ( 12)  t ha t  p a t t e r n s  of d e f o r m a t i o n
s i m i l a r  to the f low at the root of a crack can be s i m u l a t e d  w i th  p l a s t i c
bending . W i t h  t h i s  technique , the iarge p l a s t i c  s t r a i n  g r a d i e n t  in the
t h i c k n e s s  d i r e c t i o n  con f ines  f l o w  to the X—Y p lane to produce q u a s i —
p lane s t r a i n  c o n d i t i o n s . It  is considered tha t  t h i s  t e c h n i q u e  s im ’i l a t es
c o n d i t i o n s  near the f r ee  s u r f a c e  of the crack , if not the t r i ax i a l  s t r e s s
in  the  p l a s t i c  enclave some di s t ance  ahead of the crack t i p.

RESULTS

Micr ohardness

Room t empera tu re  in icroh ardness  measurements  were made on coupons
in the as—received condi t ion  and a f t e r  the convent ional  and m o d i f i e d
heat  t r e a tmen t s .  These examina t ions  were conduc ted  to assess the
hardness and r e l a t i v e  s t r e n g t h  of the m i c r o s t r u c t u r e s  produced by the
two heat  t r e a tmen ts .  Average values of the me surements  are shown in
Table 3 for  Heat A and B m a t e r i a l .  Cons iderab le  s c a t t e r  was ev iden t
between i n d i v i d u a l  ha rdness  measurements .  However , the averages in
Table 3 of m u l t i p le measurements  are cons i s t en t  and i n d i c a t e  tha t  the
convent ional  heat  t r e a t m e n t  produced  hi gher ha rdness  va lues  in both
hea t s .

Fa t i gue Crack P ropaga t ion

The f a t i g u e  program was u n d e r t a k e n  to examine the e f f e c t  of heat
t rea tment , test  t empera tu re , and hold  t ime on the f a t i gue crack
propaga t ion  (FCP )  response of two hea ts  of Al loy  718. The data  obtained
from the f a t i gue c rack  propaga t ion  t e s t s  are shown in Fi gs.  2 through 6.

R e s u l t s  of f a t i gue c rack  propaga t ion  i n v e s t i g a t i o n  of the Alloy
718 m a t e r i a l , de8ignated as Heat A , are shown in Fi g. 2. The e f f e c t  of
the convent iona l  and m o d i f i e d  heat  t r ea tmen t s  on the  f a t i g u e  crack
p ropagation resistance of th is  heat were evaluated  at 427 and 593 deg C.
The mos t si gn i f icant ef f ec t of heat  t r ea tment  was seen at 427 deg C
where a large increase  in c rack  propagat ion  res i s tance  was real ized from
the m o d i f i e d  heat t r e a t m e n t .  At 593 deg C , the f a t i gue proper t ies  of
t h i s  heat of Al loy 71o appear to be s imi la r  or s l i gh t ly reduced by the
modified heat t rea tment .  Similar FCP evaluat ions  of the e f f e c t  of heat
t reatment , which were made for  the Alloy 718 mate r ia l  desi gnated Heat B ,
are shown in Fig. 3. In this  instance , the modif ied heat treatment
pr oduced an increase in the cr ack propagation res is tance of the Heat B
ma te r i a l  at both 427 and 593 deg C.

Comparisons of the fatigue properties of the two heats of Alloy 718
are shown in Figs. 4 and 5 for the conventional and modified heat treat-
ment conditions , respectively. The results in Figs. 4 and 5 show that ,
for comparisons made on the basis of temperature , Heat A material exhibits
superior fatigue crack propagation resistance in comparison to that of

7
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Table 3

Average Diamond Pyramid Hardness Values (Vickers)
for Alloy 718 , Heats A and B

DPH Numbers

Heat Condition Small Grains Large Grains
l 5U m l25~~ m

A As—Received 331 325

Conventional H.T. 486 468

Modified H.T. — 468

B As—Received 281 240

Conventional H .T.  470 454

Modified H.T. — 422
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rate in air for Heat A Alloy 718 at 427 and 593 deg C.
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Fig. 3 - Effect of heat treatment on fatigue crack propagation
rate in air for Heat B Alloy 718 at 427 and 593 deg C.
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Fig. 7 - Scanning electron micrographs of polished and
etched Alloy 718 in the as-received condition: (a) Heat A,
hot rolled; (b) Heat B, mill annealed.
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Heat B. Thus, the seemingly beneficial effect of the modified heat
treatment on the Heat B material at 593 deg C may not be particularly
significant from an engineering standpoint due to the intrinsically
inferior fatigue properties of this heat of Alloy 718.

Other investigations (6,13) have studied the effect of cyclic
frequency on the fatigue properties of conventionally heat treated
Alloy 718. These studies have shown that the fatigue properties are
cycle dependent at rates less than approximately 0.067 Hz (4 cpin). In
the present work, the effect of hold time on FCP response and failure
mechanism was investigated for the frequency interval of 0.17 to 0.015
Hz (10 to 1 cpm) by conducting hold time tests at 593 deg C for Heat A
material in both the conventional and modified heat treatment conditions .
In Fig. 6, the effect of a 1.0 minute hold (0.015 Hz), imposed at the
peak tensile load during each cycle , on the fatigue propagation rate in
the Heat A alloy is shown for the conventional and modified conditions.
Although there is considerable effect of a one minute tensile hold
period , the magnitude of the effect is similar for both heat treatments.

Microstructural and Fractographic Observations

The microstructure and the fracture surfaces of the tested specimens
of Alloy 718 were examined to provide further insight into the complex
relationships that exist between microstructures , deformation processes
and crack propagation behavior of this alloy at elevated temperatures.

• Light and electron microscopy techniques were employed to determine the
effect of heat treatment on microstructure and fracture appearance. The
results of these examinations are shown in Figs. 7 through 11 for the
conventional and modified heat treatment conditions

As—Received Condition

The photoinicrographs in Figs. 7a and lb represent the general as—
received microstructures for the Heat A and Heat B materials. The major
feature of both Heat A and Heat B microstructures,vere the large
carbides , the fine grain boundary precipitates , and the similar grain
size for both heats of material.  The most salient feature apparent from
the microstructures , which would indicate a significant difference
between the properties of the two heats , was the prevalence of the grain
boundary phase in the Heat B alloy in the as—received condition , Fig.
lb.

Conventional Heat Treatment

The effect of heat treatment on the microstructure and fracture
appearance of the two heats of Alloy 718 is presented for the
conventional heat treatment in Figs. 8 and 9. For the Heat A material ,
the conventional (954 deg C anneal plus 718/649 deg C age) heat
treatment produced a duplex microatructure with grain sizes of
approximately 15 and 125 urn as shown in Fig. 8a. SEM representation of
the fracture surfaces of fatigue specimens tested at 427 deg C, Fig. 8b,
and 593 deg C, Fig. 8c, .how contouring which appears to be
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morpholog ica l ly s imi l a r  to the m i c r o s t r u c t u r e . Frac tu re  sur faces  were
f l a t  and devoid of shear li ps and , together w i t h  the obse rva t ion  that
the s u r f a c e s  bore a close resemblance to the m i c r o st r u c t u r e , suggest
t h a t  the crack propagated w i t h o u t  apprec iab le  p l a s t i c  deformat ion .
There appeared to be no preponderance of small  or large g ra ins  on the
f r a c t u r e  su r f ace  to i nd i ca t e  p r e f e r en t i a l  cracking c h a r a c t e r i s t i c s .  At
427 and 593 deg C , f r a c t u r e  of the large grains was c lear l y t rans—
granu la r  wi th  s tr i a t i o n s  and r iver  pa t t e rns  i nd i ca t i ng  possible
c r y s t a l l o g r a phic  cleavage . At 593 deg C , the small  grains adjacent  to
the large grains exhibited an intergranular fracture appearance.
However , when the crack propagated through an area composed of smal l
g ra ins  the f r a c t u r e  appeared to be t ransgranula r  for the Heat A
m a t e r i a l  -

Microg rap hs for  the Heat B ma te r i a l  given the conventional heat
t r ea tmen t  and t es ted  at 427 and 593 deg C are shown in Fig. 9. The
inicrostructure was considerably more homogeneous, Fig. 9a, than in Heat
A with a grain diameter approximately equal to the as—received grain
size of l5 g..~ m . The characteristic banding common to Alloy 718 was
clearl y evident. The grain boundary phase was slightly coarsened by the
conventional heat treatment , but it appeared that the grain boundary
phase present in the Heat B alloy before heat treatment had stabilized
the grain size and had resulted in a more uniform structure than in the
I-teat A material. The fracture surfaces of the Heat B material at 427 and
593 deg C, Figs. 9b and 9c, also appeared to be microstructurally
dependent , and the fracture mode was predominantly transgranular . No
outstanding microstructural evidence was found which could explain the
reduced crack propagation resistance of the Heat B material , as
demonstrated in Fig. 4. After the conventional heat treatment , both
heats  were heavily decorated by grain boundary phases and large carbides
were found throughout the matrix. The grain size did not appear to be
significantly different and the transgranular crack propagation mode
was common to both heats.

Modified Heat Treatment

In the modified heat treatment , one of the principal functions of
the solution anneal is the duct il iza t ion of the alloy by depletion of
the Laves phase during heating above 1040 deg C. The Heat A
microstructure resulting from the modified (1093 deg C anneal , 718/621
deg C age) heat t reatment is shown in Fig. 10. The microstructure
appe ar ed f ully recystallized with many annealing twinS . The modified
treatment produced a fairly uniform grain size of approximately l25~tm ,
Fig. lOa. with many large carbides in evidence throughout the
microstructure.  At 427 deg C , the fracture surface showed considerable
faceting indicating a crystallographic cleavage mode of fracture ,Fig.
lob . In contrast at 593 deg C, Fig. lOc , the fracture mode was clearly
intergranular with appreciable secondary cracking along grain
boundaries. An intergranular fracture mode also was observed for the
one minute hold t ime test at 593 deg C. Whereas the conventional heat
treatment showed little dependence of fracture mode on test
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temperature , the modified treatment produced a microstructural
condition which was highl y sensitive to test temperature.

A similar effect was seen for the Heat B material given the
modified heat treatment. The higher temperature anneal of the modified
treatment produced grain growth and cleaner grain boundaries as shown
in Fig. h a .  At 427 deg C, fracture was predominantly transgranular but
with occasional intergranular fracture areas where grain boundaries were
parallel with the fracture path , Fig. lib. The mixed mode of failure
at 593 deg C was predominantl y intergranular , Fig. lIe , but clearly
exhibited a larger proportion of transgranular failure mode than Heat A
material.

Phase Analysis

The physical metallurgy of Alloy 718 has been extensively
investi gated. While first considered to be a gamma prime strengthened
alloy (14) and later to be primaril y gamma double prime strengthened
( 15) ,  Alloy 718 is now thought to derive its high strength and phase
stability at elevated temperatures from a morphological mixture of both
V’ and Y ” (16). In addition to these strengthening phases, other
important microconstituents , such as Laves phase, CbC, and Ni3Cb , have
been identified in the Alloy 718 microstructure . Because precipitation
behavior is highly dependent on alloy composition (14,16),
thermomechanical history (17 ,18), and heat treatment (15,19), it was
found that the generalization of preci pitation reactions from time—
temperature diagrams or inetallographic studies established for other
Alloy 718 compositions was not reliable. Therefore, a phase study for
one of the present alloys was undertaken.

The major preci pitate phases in the Heat B alloy were investigated
by Evers, et al. and the results of that study are presented in detail
elsewhere (11). Briefly, electrolytic extraction methods were used to
separate two major phases from the matrix. These two phases were
identified by x—ray diffraction techniques to be CbC and a hexagonal A

2
B

type compound , probab ly a Laves phase. Analysis of the extraction
res idues revealed that  the mod i f ied heat treatment reduced the
fractional amount of the hexagona l phase in the res idue as compar ed to
the as—received alloy . X—ray fluorescence analyses confirmed these
findings . Energy dispersive x—ray analyses of the residues indicated
that the composition of the carbide phase was (Cb ,Ti)C. This phase is
the large rounded or blocky precipitate in Fig. 12. The Laves phase
composition was (Ni,Fe,Cr)2

(Cb ,Ti) which is consistent with the x—ray
fluorescence results. This phase is the small precipitates in Fig. 12.
It is probable that the grain boundaries conta in  CbC in addit ion to the
Laves phase. The microstructure a of the materials given the modified
heat treatment contained grain boundary films , presumab ly CbC , as
reported by Eisel ste in  ( 14) .  Ni 1Cb needles were seen in varying amounts
in all heat treated conditions , 5ut to the largest degree in the con-
ventionally heat treated , Heat A material. For this condition , Ni 3Cb
needles were observed in the micro structure , and the shear lips of
fracture surfaces were heavily decorated with these needles.
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Fig. 12 - SEM microg r aph s  of Alloy 718,
Heat A microstructure showing the nature
of (a) the la rge Cb ca rb ides and grain
boundary phases (Laves and CbC) in the
conventional heat treatment condition,

and (b) the large Cb carbides , fine grain
boundary phases , and carbide films (CbC)
in the modified heat treatment  condition.
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TEM Results

TEM pho tomic rog raphs which  revealed  the size and d i s t r i b u t i o n  of)’ ”
prec i pi t a tes  i n the Alloy 718 matrix are shown in Fig. 13. Particle
size analyses from dark field micrographs of Heat A material in the
conventional heat treatment condition indicated a mean pre~~pita~e
diameter of approximatel y 14.1 nm and a density of 1.4 x 10 cm -
Size measurements for material given the modified heat treatment
indicated a mean 

?~
eci

~~
tate diameter of approximately 29.8 nm and a

density of 6.5xlO cm . Similar results were obtained for Heat B
material. The TEM results are tabulated in Table 4.

Deformation Mechanisms

The details of the plane strain deformation processes active at 427
and 593 deg C were examined in air and vacuum by plasticall y deforming
thin stri ps of the Heat A alloy in three—point loading . SEM
photoinicrographs of plane strain specimen surfaces plasticall y deformed
in vacuum at 427 and 593 deg C are shown in Fig. 14. It can be seen in
Fi gs. l4a and l4b that the conventional heat treatment produced a
tendency for localized , planar slip, whereas in the modified condition ,
Fig. 14c and 14d , a more uniform homogeneous deformation is apparent.
Thus, in vacuum , the modified heat treatment reduced the tendency for
localized planar slip which should result in enhanced crack propagation
resistance . It is quite well known, however , that surface deformation
and slip in fatigue are affected by environment. Since the fatigue
tests in this study were conducted in air , a similar series of plane
strain bend evaluations were conducted in air at 427 and 593 deg C to
determine the effect of environment on the deformation processes .

For de formation in air at 427 and 593 deg C, Figs. 15a and 15b , show
typ ical deformation processes prevalent on plane strain specimen
surfaces of material given the conventional heat treatment. In air at
427 deg C , Fi g. l5a , the nature of the slip deformation was similar to
that  in vacuum at 427 deg C where localized planar slip was the
prevalent mechanism. However, the air environment appeared to have
produced a more even distribution of sli p through t!-e duplex grain size,
whereas in vacuum , the su p lines were generally found within the larger
grains . Under these conditions , the fracture mode was predominantly
tranagranular as would be suggested by the tendency for sli p
loca l iza t ion  and large slip of fse ts  shown in Pig . 15g. At 593 deg C ,
Fig. 15b , it was s t i l l  evident that sl ip tended to concentrate on
localized p lanes , but there also was a considerable amount of grain
boundary cracking in small grains adjacent to large grains . The
intergranular cracking was seen to be associated wi th the intersection
of persistent slip lines with grain boundaries or fractured
precipitates within the grain boundaries. The mixed fracture mode in
Fig. 8c concurs wi th the observed planar  B l ip  and grain boundary
cracking seen in Fi g. 15b .

The e f f ec t  of environment on s l ip  deformat ion was more pronounced in
the material  given the modified heat treatment ,Figs . 15c and 15d.
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table 4

Mean Diameter and Densi ty of )“ Precipitates in Alloy 718

Heat Heat Mean Density Volume
Trea tment Diame ter 3 Practiona

(am) (#1cm ) (2)

A Conventional 14.1 1.4 z io16 1.03

Modified 29.8 6.5 x uo 14 0.45

B Conventional 7.9 1.7 x io t6 0.22

Modified 23.7 5.5 x io14 0.19

aAasumee constant aspect ratio of dia/thickness — 3.
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Deformat ion in  a i r , i n  con t r a s t  to vacuum , produced a more planar type
sli p w i th large s h i p o f f s e t s .  At 427 deg C , Fi g. 15c , sli p appeared to
produce o f f s e t s  at  tw in boundaries  and would be expected to produce
fracture surfaces similar to that shown in Fig. lob . At 593 deg C ,
deformation occurred by grain boundary separation , Fig. 15d. Slip line
de format ion  appeared to be related to the grain boundary cracks ;
however , it was not certain whether the grain boundaries cracked first
or separated because of the interaction of the slip with the grain
bou ndary . It would be expected , then , that  the specimens given the
modified heat treatment and tested in air would exhibit intergranular
fa i lu r e as shown in the SEN micrograph , Fig. lOc .

DISCUSSION

The resul t s  of th is stud y show that the primary effect of the
modified heat t r eatment was to sign i f i cant ly increase the resistance of
Alloy 718 Heat A material to fatigue crack propagation at 427 deg C
while decreasing the resistance at 593 deg C , Fi g. 2 and Figs . 4
th rough 6. In a previous stud y,  Jame s (6) has reported similar effects
of the modified heat treatment on fatigue crack propagation resistance
of Alloy 718. The present results also show that the modified heat
treatment had a profound influence on the deformation mode of Heat A
mater ial in p lane s t ra in bending . Since it is well known that the
mechanical properties of nickel—base alloys are strongly dependent on
microstructure , the proper explanation of the f a t i gue crack propagation
response of Al loy 718 requires an understanding of the effect of
prec ipi t a t e  phases on the deformation mechanisms . In the following
paragraphs , the influence of microstructure on the fatigue crack
propagation response of Alloy 718 is discussed on the basis of the plane
strain deformation results for the Heat A material. Since the
deformation results for the Heat B material are not yet available (20),
the improved fa t igue crack propagation resistance of this material at
593 deg C in the modif ied heat treatment condition cannot be discussed
completely. However , the probable causes of the fat igue crack
propagation response of the Heat B mater ial  will  be inferred from the
Heat A results.

In general , two models of fat igue crack propagation have been
proposed in which the crack grows as a consequence of cyclic hardening
at the cr ack t ip ( 21 ) or by a p lastic blunting process (22 ) .  These
models are similar in that regardless of whether the macroscopic
f rac ture  process is the result of “fracture of a blunted crack” or
“f low—off”  (23) , the process takes place on a pair of intersecting su p
planes. Hahn and Rosenfield (12) have demonstrated the usefulness of
the plane strain bend technique for simulating the deformation at the
root of a crack in aluminum alloys and , more recently,  Michels and
Floreen (24) have studied the relationship between the tnicrostructures
and deformation in a ~icke1—base alloy . The study of slip processes is
very instructive since this process directly influences ductile fatigue
crack propagation. Thus, the understanding of the relationship between
the microstructure and deformation behavior , as evidenced from the
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obse rva t ions  of the in teract ions  of sli p an d prec ip i t a t e  phases in bend
samp les should a id in the cor r elat ion of these factors with the fatigue
crack propagation properties of materials.

The sli p behavior observed with the Alloy 718 bend specimens suggests
that the improvement in FCP performance produced by the modified heat
t reatme nt is likel y to be a resu l t  o f the a l t e r a t ion of d islocat ion
interaction with y “ particles and grain boundaries. Comparison of the
sli p l ine appearance for the convent ional  and modif ied  heat t r ea tmen t s
at 427 deg C in vacuum , Fig. 14a and 14c, revealed that the modified
heat treatment produced a microstructur al condition conducive to
homogeneous deformation which has been found (25,26) to result in
significant improvements in crack growth resistance . This observed
alteration of the sli p mode suggests that deformation mechanisms
analogous to processes in low y’ fraction alloys were active . In these
alloy s , p l a s t i c  de fo rmat ion  may involve either the shearing or the
bypassing of the ~ 

‘ particles , depending on the pa r t i c l e  size and
d i s t r ibu t ion  ( 2 7 ) .  The shearing of the ma t r ix  and the -y ’ pa r t i c l e s  ‘ y
paired dislocations (a/2 < 110 >) produces heterogeneous sli p, a
mechanism charac te r i s t i c  of face—centered  cubic mate r ia l s . A f t - d r
par t ic les  are sheared , the res i s tance  in t ha t  plane is reduced to
subsequent slip so that extensive dislocation activity persists on that
slip plane giving rise to characteristically intense slip traces and
coarse slip offsets. Fournier and Pineau (26) foud that the increase
in the homogeneity of the p las t i c  deformat ion  produced during f a t i gue of
Alloy 718 was related to the concurrent increase in f a t i g u e  l i f e  Their
electron microscopy observations revealed that y “ precipitates were
sheared by p a r t i a l  d is locat ions  by a process similar to the y ’ particle
dis locat ion in te rac t ions. In the modified heat treatment , the slower
cooling ra te  produced )‘~~ pa r t i c le  coarsening , Fig. 13. These larger
part ic les and the r educed volume f ract ion of prec ipi ta t es would be
ex pected to favor the bypassing of -y “ by dislocations . Under this mode
of deformation sli p wi l l  be relatively homogeneous and there will be
less tende ncy for dislocation pile—ups and crack formation. In addit ion
to the effect of the matrix on crack propagation , the grain boundaries
may also produce a secondary contribution to the observed fa t i gue
behavior .

Studies involving single and polycrystals have shown that gra in
boundaries may have an effect on the development of multiple slip and
increased flow s tress  in polycrystals .  The magnitude of these effects
are related to the abi l i ty  of the boundary to suppress clustered s l ip .
It has been suggested (28) that  increased flow stress is a result  of
multiple slip near grain boundaries which is caused by the back stress
of piled—up dislocations in neighboring grains. An example of the nature
of the interaction of sl ip and grain boundaries in the conventional heat
treatment condition is seen in Fig. iSa where clustered slip was
suppressed at grain boundaries and was induced near the grain boundary
region of the adjacent grains. It is important to note that these slip
systems have large misorientationa with respect to those in the adjacent
grains. In the modified heat treatment condition, Fig. 14c, clustered
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s l i p was c o i n c i d e n t  across the g ra in  boundar ies  and appears to have
passed through the boundary and propagated into the adjacent grains
w i t h o u t  any apprec iab le  m i s o r i e n t a t i o n. Furthermore , the re la t ive ly
clean grain boundaries appeared to exert a minimal effect on the
propagation of the sli p in comparison with the conventional heat
treatment condition. These observations indicate tha t  the f low stress
may be higher for the conventional treatment although the effect may not
be large (28 ) .  In the m a t e r i a l  given the conven t iona l  heat t reatment ,
strain cannot be as easily accommodated by de fo rmat ion  throughout the
sample which can r e su l t  in increased f low stresses near the region of
the crack tip and higher crack growth rates. The improvement in the FCP
performance at 427 deg C, then , was considered to primarily result from
the alteration of the normally heterogeneous sli p processes to homogeneous
processes by the coarsening of ) ‘ “  p a r t i c l e s  d u r i n g  the modi f i ed  treat-
ment. Of secondary significance to the improved performance was the ef-
fect of the r e l a t i v e l y  clean g ra in  boundaries  on d i s l o c a t i o n  genera t ion
and reduced f low s tress  in the m o d i f i e d  heat treatment condition .

In cont ras t to the 427 deg C behavior , the modi f i ed  heat t rea tment
produced s l i g h t l y  higher  crack growth ra tes  and an i n t e r g ran u lar
f a i l u r e  mode at 593 deg C in the Heat A m a t e r i a l .  This  observat ion of
i n t e r g r a n u l a r  f a i l u r e  for  the mod i f i ed  heat t r ea tmen t  condi t ion  and the
mixed mode failure for the conventional heat t r ea tment  cond i t ion  at 593
deg C suggests that the air environment may have had a significant
e f f ec t  on the deformation mode . At this  temperature  oxidat ion can take
p lace by diffusion at the crack t i p, on grain  boundaries , or
preferentiall y on active sli p planes resulting in intergranular or a
mix tu re  of t r a nag r a n ul a r  and i n t er g r a n ula r  f a i l u r e .

Previous work (29) has shown that air environments accelerate
sli p band development and increase t r ansg ranula r  crack propagation
rates in Alloy X—750 when compared to vacuum. As shown in Fig. 14d,
deformation in vacuum produced slip accumulation at grain boundaries
which , in turn , produced the tendency for intergranular failure . The
a i r env i ronment at 593 deg C prod uced acce ler ated slip band formation
and higher fa t igue  crack growth rates for both mater ia l  condit ions in
a i r .  However , the fracture surfaces indicated that , for the
conventional treatment , the large grains fractured transgranularly and ,
where these s l ip  planes intercept grain boundaries in adjacent grains ,
intergranular failure was observed at 593 deg C , Fig. lsb .

The modified treatment , in addition to enlarging the grain size, also
altered the distribution and form of grain boundary Laves phase
precipitates (11). Cracks can nucleate at precipitates or other grain
boundary inclusions and propagate as a result of decreased fracture
energy at the precipitate/matrix interface. From the examination of the
deformation specimens, it was evident that the Laves phase was qui te
susceptible to embrittlemerit by air since fractured Laves particle .
were only observed in those specimens tested in air at 593 deg C.
Although the modified treatment reduced the absolute quantity of the
Laves phase, the redistribution resulted in a finer and more continuous
coverage of the grain boundaries by the precip itate phases. Therefore,
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if a greater percentage of the grain boundary area contains Laves phase
precipitates , the material may be more susceptible to environmental
embri t t lement  and intergranular failure. Thus, the results show that
the reduced FCP performance at 593 deg C for the Heat A material given
the modif ied heat t rea tment  was p r imar i l y the resul t  of the
env ironmental  suscep t ib i l i ty  of the a l te red  d i s t r i bu t ion  and size of
grain boundary par t ic les  and the tendency for slip accumulation at the
grain boundaries. Of secondary importance to the reduced FCP
performance was the larger grain size which may have contributed to the
embri t t lement  and int ergranular  f r ac tu re  in the Heat A Alloy 718 given
the mod if ied heat t reatment  and tested at 593 deg C.

Significant differences were observed in the FCP resistance of Heats
A and B in the pre se n t stud y ,  but James ( 6 ) has r epo r ted l i t t le
d i f f e rence  between the fatigue crack propagation performance of the two
heats of A lloy 718 in his study. Comparison of the present FCP results
for Heat A with James ’ resul ts  indicates that the FCP resistance of the
Heat A mater ia l is slightly inferior to the alloys studied by James for
basical ly sim i lar heat t r eatmen ts and test temperatures. As expected ,
small d i f f e rences  in mel t ing  procedures , composit ion , and heat
treatment can have an e f f ec t  on the properties of the Heat A and B
materials used in the presen t s tud y. Hardness values , V “ particle
diameters and volume f rac t ions  were less for the Heat B material.
Differences in the atomic ratios (16) of Al , Ti , and Cb produce no
consistent explanation of the behavior since the compositions of the
alloys are s imilar , except that Heat A is high in Co and Heat B is low in
p and S which could lead to segregation e f f e c t s .  It is l ikely that  the
smaller precipitate size in the Heat B material can account for the
reduced matrix strength , the increased propensity for heterogeneous
slip, and the increased crack growth rates in the conventional heat
t reatment condition .

The modified heat treatment coarsens the precipitates and promotes
homogeneous deformation which decreases crack growth rates. In contrast
to the Heat A behavior , the modified heat treatment also improved FCP
resistance of the Heat B material at 593 deg C. There may be several
explantions of this response. The modif ied heat treatment is seen to
have coarsened t h e Y ”  preci p i ta tes  appreciabl y while producing a much
lower volume f rac t ion , a condition conducive of homogeneous slip. If
failure is related to the interaction of slip and the grain boundaries ,
this effect would be expected to be less for the Heat B material because
of the homogeneous deformation. The fracture surfaces for the Heat B
material given the modified heat treatment and tested at 593 deg C
exhibit a mixture of transgranular and intergranular modes of crack
propagation which do not suggest the degree of embrittlevnent seen for the
Heat A material. In addition , the susceptibility to the environmental
effects of oxygen may have been reduced for the Heat B material either by
the composi t ion of the grain boundaries ( low P and s) or by the nature of
the grain boundary interfaces in this material. These effects will be
explored in more detail in forthcoming studies of Alloy 718 (20).
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CONCLLJS ION S

The relationsh ?s between deformation, miocrostructure , and fatigue
crack propagation behavior of Alloy 718 tested in air at 427 and 593 deg
C have been studied. The following conclusions are drawn from the
results:

1. The FCP resistance of Alloy 718 is significantly improved by
the modified hea’ treatment in comparison to the conventional heat
treatment properties. An exception occurs at 593 deg C for the Heat A
material in which the FCP resistance was slightly reduced by the
mod i f ied  heat t rea tment .

2. The improved fatigue crack propagation resistance produced by
the modif ied heat treatment is related to the basic deformation
mechanism of Alloy 718. The effect of the modified heat treatment is to
increase the Y” particle size and decrease the ?‘ “ density which favors
homogeneous slip by matrix deformation and dislocations bypass of the

particles.

3. Failure modes were tranagranular for both the conventional and
modified heat treatment conditions at the 427 deg C test temperatures.
Although mixed or intergranular fracture paths were observed at 593 deg
C the modified treatment increased the occurrence of intergranular
fracture.

4. Environmental factors appeared to be significant at 593 deg C
and severe embrittlement was evident for the Heat A specimens given the
modified treatment. The reduction in PCP resistance for this condition
may have been a result of the change in elemental distribution and grain
boundary coverage produced by the modified heat treatment resulting in
increased environmental sensitivity of the alloy to intergranular
failure. 

-

5. The FCP performance of the Heat A alloy was generally superior
to that of Heat B alloy indicating that the effects of composition,
melting, and processing methods require additional study in order that
the properties of Alloy 718 may be f ully optimized.
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