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Abstract

The physical metallurgy of near-solidus intergranular cracking
in Inconel 718 walds was Lnvestigated. The data, although incon-
clusive, suggested at least two mechanisms which might explain
intergranular cracking (microfissuring) in the heat~affected zone of
several high tewperature alloys. One theory is based on the separation

of intergranular liquid while the other involves mechanical failure of

solld liguments surrounded by intergranular liquid. Both mechanisms
concentrate strain in the grain boundaries resulting in low strain
(<1%) intergranular brittleness. The mechanisms reported herein might
algo pertain to the physicul metallurgy of casting, powder metallurgy

sintering and hot isostatic pressing (HIP).
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Introduction

The cracking and subsequant fallure or rejection of waeldments is
the rosult of various ciauses. These causes ave primarily dependent on
the welding procedure and materials being welded. Two types of
weldment failure in nichel=-based alloys are solidificncion eracking and
age oracking. Microfissuring 1s a solidification-type crack which ,

forms in the heat—anffected zone (HAZ) adjacent to the weld. These

cracks are intergranular and often only one grain diameter in length.

The present methods for eliminating mlcrofissuriug arve primacily
proceduras. Reduced welding speed and lower weld power both decrease
wicrofissuring tendencles. A swall grain size is also beneficial.
The process of finding wetallurgleal vemedlien to the microfissurving
problem is hampered due to a lack of understanding concerning the
metallurgy of the cracling process. Specifile podlnts of enntension
concern the effect of chemistry, ecypecially wminor elements and
lmpurities, the cracking proceus, and the physical metallurgy of the
near solldus microstrunctures.

Studies by Yeniscavich (1966)1, Owczavskl, ot. al. (1966)2 and
Weiss et. al. (1970)7 utilized hot ductility tests to provide
information on a material's susceptibility to microfissuring. These
lavestigations all veached different conclusions concerning the
wechanism of microfissuring uslng this technique. A study by Savage
et. al. (1976)“, which examined the HAZ microstructure, arrived at
still a difterent conclusion concerning the mechanism of microfissur=

Ing. A complete Literature review on the subjects of solidification k
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cracking, microfissuring, near solidus intergranular failure, aund
intergranular mechanical failure is presented in Appendix A. (This is
an excerpt from progress report number #5). It is obvious from
reviewing this literature rhat the wicrofissuring phenomena cannot be
understood until the physical metallurgy of the near solidus material
is better understood.

The present microfissuring studies stem from research initiated by
A. C. Nunesd at NASA/Huntsville (Marshall Space Flight Center
(MSFC)). Dr. Numes has calculated the temperature = atrainlresponse of
the HAZ to a moving heat source. The heat source modeled the electron
heam welding process so that the temperature — strain respounse of the
HAZ could be represented by welding parameters. In order to predict
when microfissuring would occur it was necessary to know the near
gsolidus intergranular eracking behavior of the HAZ material. The
cracking behavior had to be kunown in terms of temperature and strain so
that it could be correlated with the welding parameters. The
tdentification of the near volidus incipient cracking behavior of IN
718 was the obiective of the present study.

It is necessary to investigate the initial cracking stage, or
inciplent cracking, of a waterial in order to investigrte microfissur-
ing. The fracture event iLs too far removed from the incipient cracking
event to he of conclusive value for all but a few special cases. A
program to determine near solldus incipient cracking in Inconel 718 was

begun in June, 1979 under an ASEE/NASA summer Faculty Research
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Fellowship (contract FANGT O1-008-021), The data genera by the above
research necessitated further analysis and hence the present research
prygram. The information reported herin‘builds on the previous
research; however, this report is written to be a self-contained

document. The reader does not need the previous final report to

appreciate the current analysis. ,

Experimental Procedure and Results

The experimental plan was to plastically strain Inconel 718 at
various temperatures near the material's solidus temperature. The
plastic strain was varied between that needed to cause fracture and the
strain needed to initiate a few small cracks. This was done at several
temperatures go that the degree ol cracking could be plotted against
the plastic strain for each temperature of interest. This plot was
used to extrapolate the degree of cracking to the incipient cracking
strain. The incipient cracking strain thus obtained was plotted
against temperature to give un incipient cracking envelop in
strain-temperature coordinates. This plot can be used as a predictor
of microfigsuring when avaluated in conjunction with the Nunes analysis
of HAZ strain and temperature.

Uniaxial tensile tests of Inconel 718 were used to evaluate
cracking as functions of strain and temperature. The specimen dimen-
sions were 0.635 c¢m x 2.54 cm x 60.96 cm. These rectangular bars were
heated and strained in a vertical jacket furnace without a protective
atmosphere. Table L gives informztion on the test temperature, maximum

plastic strain, and whether or not failure occurred during straining.
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A tomperature profile along the specimen determined that a 7.6Z cm zone
of uniform maximum temperaturs existed along the specimen length. This
zone was usad for awalysis of cracking tendencies at vacious maximum
temperatures. Plastic strain wag measured by a series of indentations
which were mensured before and after straining. One consequence of
this serain measuring technique was to give strain at discrete ’
locations ns opposed to homogenious material strain. This becomes a
gource of discussion when analyzing the data. The measurement of
strain marks was made with a wachinist's microscope. Typical plots of
plastic strain along the specimen length are given in Figure 1.
Cracking data was gathered by metallographisally observing the
centerline cross—-section of the tensile specimen. By examining
successive layers of the specimen cross-section Lt was determined that
eracking orviginated at the centerline and that the ceuterline also
contained the largest cracks. 7The centerline section of each specimen |
wias polished and etehod Llghtly to opon the cracks and delineate the
grain boundarics. ALL cracks werc measurad using a Ledts wetallograph
with micrometer eye plece. An arbitrary cracking parameter (Nc) was
measured for euch specimen by taking the length (Lc) times the width
" (Wy) of each crack and summing over all the cracks.

X

Nom 2 W 1
{m1 e o' i

(Note: cracks with a width swaller than 0.001 Filar units were toe

small to measuve and arbitvarily given a value of 0.001.)
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Typical plots of cracking along the specimen are shown in Figure 1.
(Bach crack number given in Flgure 1 is the suwm of all cracks over a 4
mm distanca.) The extrapolation to the incipient cracking strain is
ghown for all specimens in Figure 2. The incipient cracking envelop as

functlions of temperature and strain is shown in Figure 3.




Discussion

The primary function of the present study was to quantify the
incipient intergranular cracking behavior of Inconel 718. Figure 3
does this within the limitations of the experimental procedure. The
greatest of these limitations was imposed by the strain measurement
technique., The strain measurements were sensitive to local crack ,
opening displacements as evidenced by Figure L. The discreteness of
the strain measurement marks proved a disadvantage since large crack
opening displacements caused considerable scatter in the strain data.
This is onalogous to compariig the strain in the necked-down region of
a tensile specimen to Lthe strain in the unnecked region of the same
specimen. This problem is manifested in the extrapolation to Incipient
cracking strain. A nethod is presently balng considered which might
enable the erack~opening displacement contribution to strain to be
eliminated. The crack widths will also be normallzed to a single value
so that the data might be re-zvaluated.

Due to the scatter in the strain data, the curve/curves of Figure
J present some ambiguity in interprecation. Figure 3 may be taken to
show a single, smooth c~curve indicative of a single cracking
mechanism, or, it might be taken to show a double none characteristic
of two competing crack mechanisms. It seems appropriate now to discuss
these possible interpretations of Figure 3 and provide supporting
evidence.

Assume Figure 3 represents a single-nosed c-curve. Also consider
Figure 4, which shows the plastic strain at failure as a function of

temperature for Inconel 718. There are three distinct regions which




o

are labuled single intergranular crack growth, multiple intergranular
crack growth and crack closure. The transition from crack closure to
multiple crack growth appears to coincide with the dnitial loss of
ductility as the test temperature increases. The transition from
multiple crack growth to single crack growth appears to coincide with
the complete loss of ductility. The apparent dependence of the grain
boundary cracking mode on temparature could reflect microstructural
changes over this temperature range, For instance, the fracture
surface of specimens fractured at 2350°F gave an obvious indication of
bulk solidus melting (Figure 5)., The fracture surface at 2200°F also
gave some iIndication that intergranular liquid was presen: at fracture
(Figure 6). If this were interpreted similar to Yeniscavich, then the
transition to single crack growth would correspond to complete grain
boundary melting. The reglon of multiple crack growth, at temperatures
between crack closure and single crack growth, would correspond to
various degreces of partial grain boundary melting (Figure 7). In terms
of Figure 3, there would be a single mechanism of cracking. The
mechanism would be one of increased grain boundary wetting by
intergranular liquid. The minimum in incipient cracking strain would
correspond to complete grain boundary wetting by a very thin liquid
layer. The temperature at which this thin liquid layer formé would be
slightly below the bulk solldus of the waterial. The incipient
cracking strain would actually increase as bulk-melting begins because
the Liquid i{s allowed to flow under strain. This flowing behavior was
seen at Fracture temperatures of 2350°F. Figure 8 shows a typical

change in uross=—gection when this occurs.
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Assume now that Figure J shows a double rosed set of c-curves.

Two eracking mechanisms must be formulated to explain this situation.
The most convenlent mechanisms are a purely mechanlcal cracking
mechanism for the low temperature g=curve and a grain boundary melting
mechanism for the higher temperature c-curve. The author finds this
situation more difficult to accept. The mechanical eracking wechanism
would have to account for the change in mechanical cracking mode which
occurs at the transition from intevgranular crack closure to multiple
intergranular cracking. The two mechanisms model would also have to
account for the temperature of transitiou from mechanism one to
mechanism two.

Tt is planned in the near future to examine the fracture surfaces
of the gpecimens in the multiple-crack growth region. I indications
of intergranular liquid could be found on these fracture surfaces it
would support a single cracking mechanism, L.c., a single-nosed c~curve

for Flgure 3.

- o




Conclusions

1.

2.

3.

The utrain moasurement technique used in the prasent scudy is, by
itself, ilnadequate for charvacterizing the plastic strain suffered
during tensile testing. A batter approaeh would bhe the presant
tachnique used in conjunction with techniques which average the
strain over g larger gage section.

The near solidus intergranular cracking behavior of Inconel 718
exhiblts several disvinct phases. Thase are intergranular crack
closure at approximately 120°C below the bulk solidus, multiple
intergranular crack greowrh batwean 90°C and 40°C below the bulk
solidus, single intergranular erack groweth 40°C below the bulk
solldus, and fluid fiow at and above the bulk solidus.

Tha mechanism of HAZ microfissuring is not conclusively defined In
the present program.

The inciplent cracking strains presaented in this paper should be
reserved for Inconel 718 material with an ASTM grain size of #2 to

4.
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There are presently at least three mechanisms proposed to explain HAZ
microfissuring and each would require a different method of metallur-
plecal control. None of the three proposed mechanisms has conclusive
experimental cvidence either to support it or to disprove the others.
The research program proposed herein would provide evidence of a conclu-
sive unature on the role of intergranular liquid oy, HAZ microfissuring.
The program results could then be used to identify solutions to the

microfissuring problem.

4.0 Literature Review - HAZ Microfissuring

4.1 Hot Ductility Tests (Cleeble)

4.1%  The hot ductility test is used to evaluate HAZ microcracking. It
involves high strailn tarte fracture at temperatures up to the bulk
solidus of the material. A thermal cycle is lmposed on the meﬁal to
simulate the UHAZ of 8 given welding prouess.4’5 The metal is fractured .
at a predetermined point In the thermal cycle to test the mechanical
response of the HAZ microstructure. A typical result of such testing6

is given in Figure 2.

4.12 An area of coutroversy exists in explaining the rapid loss of
ductility well helow the bulk solidus temperature. Another area of
debate exists In explaining the nilwductility temperature. There is,
however, good agrcement that the nil-strength temperature corresponds to
bulk interpgranular melting at the solidus. There is also a good correl-
ation between hot ductility data and sensitivity to HAZ microfissuring.6'7
Yet, thare 1s no way of knowing what part of the hot ductility curve
corresponds to HAZ microfissuring. Estimacesl’s of the maximum strain

suffured by the HAZ are approximately !%. This would indicate that the
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inciplant erack wust form at or balow about 1% strain. This valva of”

gtrain does not covrespowd dirvectly to hos duetility Cracture stvain
bordusa the Fracturs test is not necessarily an accurate indicatoc of
Ineipient cracikdng. Tests on Incipient crnukinga under conditions
approichiog equilibriom do provide swome Insight on the velationship
batween hot ductility tests and microfissuring, These tests (Figure J)
Indleate that at straing of LA, Incdplent cracks do not form until the
maravial approaches the nil-ductility temparature,

4.4 Theories of Nil-Duetility

4.21 Walssa, COrotke and Sticklar? studied the hot ductility rasponse

of Inconel 600, ‘fhey supgested that thae wapid heating of grain boundary
pracipltates suppressed ditfusion, resulting In precipltate wmelting.
They furcher suggosted that the liquid fmmediantely waet the boundary.

Tha Ligquid tilm thickness was envisloned Lo increase with Lemperatura
£rom aoK at the inltial loss In duceility to SOOR at the nil=-ductillity
tampuracure.

4,22 Veulscavish? found good vorralation batween hot ductility

hehavior and HAY microtissuring. He supggested chat afl=ductility was
Inftiated by low melting grain bouwdary £ilms. Thesa fllus were
suggested to be eutectles Lormed by hiph concentratcions of elamunts such

8,10-12

as sulfur in the grain boundacles. This molten eutectle wag

bhalleved to exist as low as 300°F below the bulk solidus of the meeal.

The intevgronulaw weltiog was wavislonued ko bepin at lsolated positions
thus causging Initiul loss of ductility. 'The ductility decrensed with
temperature as the Liquid apread uwntdl oll-ductility resulted due to

excessive gratn houndavy watting.

L5
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4.23 owezarskild and Duvall and Owczarski® supggested that a

Liquid intecgranular £ilm was not necessary for HAZ microfissuring.

They suggested that the initial loss in ductility was caused by a change
in deformation mode from transgranular to intergranular fracture.* They

*Whether or not the initial loss in ductility coincides
with the onset of intergranular fracture 1s open to debate.
The authors9:10 disagree on this point.

1

in turn suggested that HAZ microfissuring could occur by a solid state
deformation mechanism. Although these authors® observed intergranular
precipitate melting in a number of alloys, they did not find that the
melting necessarily corresponded to HAZ microfissuring.

4.24 A summary of the literature gives the following theories for HAZ
nlcrofissuring as interpreted from hot ductility tests:

1. Eutectic melting of the grain boundaries due to elements
such as sulfur.

2. Liquid grain boundary films due to the melting of inter=-
granular precipitates.

3. Solid-state deformation concentrated in the grain houndaries
such as grain boundary sliding.

Note: More recent works by Savage and Nippes with

Miller,l4 Szekeries!5 and Goodwinl® have also addressed

HAZ microfissuring. These studies involved constitutional
liquation of sulfide inclusions and unidentified spherical
inclusions, =utectic melting of grain boundaries, grain boundary
llquid distribution, and the effect of liquid-solid surface
tension on grain boundary wetting. None of this work, however,
was done in the spirit of the hot ductility test upon which the
present propozal is based. It is hoped that the proposed
research will contribute to the interpretation of the above
studies and lielp relate their results to previous and future
works.

4.3 Hot Tensile Test

4.31 This author2s3 wvaluated the incipient intergranular crack-

ing behavior of Inconel 718. The study was deslgned to determine the

[
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incipient cracking behavior as a function of both total plascic strain and
temperature. During these tests, a fracture curve (Figures 2 and 3) was
generated similar to the hot ductility curve. Unlike the hot ductility
test where &n exacting thermal cycle 1s imposed on the metal, the hot
tensile test allowed the metal to approach equilibrium. This was done
by a4 slow heat-up followed by holding the specimen at a predetermined
temperature for approximately five minutes before fracture. It 1s
apparent that Inconel 718 exhibits all the characteristics of the hot
ductility tesc even when given a long heat~up and soak time at the frac-
ture temperature. This suggests that the rapid thermal cycling, as used
in the hot ductility test, may not be as critical to evaluating HAZ

microfissuring as currently believed.
5.0 Literature Review — Analysis of Theories

5.1 If HAZ microfissuring occurs due to partial or complete melting of
zrain boundaries regions, then it can be considered as a type of solidi-
fication cracking. Sevéral of the theories associated with solidifica-
tion cracking in welds and castings are helpful in interpreting HAZ
microfissuring due to grain boundary liquation. A primary consideration
in theories of solidificatior. cracking Is the distribution of the liquid

17-19 Since these theories coucern deformation above the bhulk

phase.
solidus of the metal, it would be imprudent to extend them directly to
HAZ microfissuring which is thought to octur below the bulk solidus.
Howaver, the following analogies seem appropriate and of gome value in
understanding hot grain boundary failure near the solidus. Bear in aind

that theories of sub-uolidus and super-solidus cracking differ: primarily

In the volume of liquid present in the graju boundaries.
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7,10 postulated that liquid was partitioned on the grain

5.2 ‘feniscavish
bounduviaes and gradually wet tha boundary as the temparature approsched
the bulk solidus. Much worklg'gs hag been done on the distribution of

intergranular llquad pertaining to solidifileation cracking. Smieh20

showed that lnterfacial energies should control the weasurable dihadral i

angle (0) nccording to:

YSL/‘Yb = )¢ cog 0/2

where fgp, s the soldd-liquid surface tension and ¥y, is the grain
boundary surfaca tension. Swmith and Williams=l showad that the dig-
tribution of liquid on the grain faces was dependent on Ygr /vy, and
corvalatable to Y. The dihadral angle has been shown to correlate with

o ‘ . 03,25«27 27,28
crncking*“ and be n function of temperaturs, ves “‘sevess, 7y a

nd
trace olements.23 The studies of Liquid distribution land credence
to Yeniscavish's model of increased invergravelar wetting by a liquid
phuagse with increasing temparature. However, experimental evidence to
support the eutectic melting of grain bourdary regions is open to
fuestion. This theory could be disproved Lf it could be shown that
fnitial bulk solidus melting, at the yrain boundary, did not completely i
wer the boundary.
5.3 Welss, at al.? postulated that constitutional liquation of
intergranular precipitates resuited in {mmedlate wetting of the grain
houndary. The resulting grain boundary f£lilm was expected to increase in
4]

ug":}
volume with increasing temperature. Several studles of solidifica-

29
tlon cracking have Involved Eilm stage analysis. Savelko  postulaced
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that the thickness of the f£ilm was directly related to the film strength
in o manner similar to Weiss et al.? Experimental evidence6’9'13
supports intergranular precipitate melting in the HAZ. However, there
is not conclusive experimental evidence to support complete wetting of
the grain boundaries by initial precipltate melting. Nor is there any
evidence to explain why this film thlckness should grow with increasing
temperature below the bulk solidus. Dihedral angle measurements should'
differentfate Lif melted precipitates wet the boundary or remain
lsolated.

Sadh Owc::arski13

has supgested that HAZ microfissuring results from
solid-scate deformation inltiated by the transition from transgranular
to intergranular failure. This 15 suggestive of the equicohesive
temperature developed by Jeifrias;33 The machanistic cause of the
equiconesive temperacure is ill-defined. It appears that studies
involving hot creep rvupture offer better models from which to evaluate

y34,35 has

HAZ microcracking due to solid-state deformarion. Ashb
developed a method of expressing deformation processes, accommodation
processes, and typical engincering tests on a deformatjon map as a
functlon of sctress, stralp rate, grain size, and temperature. The hot
ductrility test would fall in a region of power-law creep controlled by
lattice diffusion. Other active mechanisms would be grain boundary
sliding and dynamic recrystallization. The deformation maps presented
by Ashby are not all inclusive. Consideration must also be given to

grain houndary sliding mechanisms described by Gifkins30 and grain

boundary dislocation mechanisms discussed by Hireh37.
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5.5 ILf it warae possible to eliminate intergranular liquid theories of
HAZ microfissuring by dihedral ungle studies, then attention would be
directad toward detevmining the active deformation mode in hot ductility
tasts. However, beenuse of tha evidence for Lntevgranular precipltate

meleing, the intergranul.r liquid theories should be investigated firsc.
6.0 A New Theory of HAZ Microtissuring '

b+l None of the presaent theories for HAZ microcracking glve an accepta-
ble degeription of hot ductility behavior just below the bulk solidus.
Thege theories do have their strong points and by combining them a new
theory cun be presented.

6.2 Experimental evidence shows that intcevgranmular precipitiates melt in
the HAZ. It is postuwlacved that the initial melting of these intergranu-
lax precipitates corvesponds to the initial decrease in ductllity during
the hot ductility test. ‘Tha inltiol melting is charanccevized by a large
dihedral augle (0 > 90%). As the temperature oif the test is increased,
the dlhedral angle of the melted precipitates ineresases ag shown for

, o oy 0,27
other gystems (90°:€> 0°).

This results in a gradual loss of
ductility ag the temperature loereases. The nll~duceility tempeurature
ts charactevized by complete or near complete grain boundavy wetting

(0 = 0) (Flgure 4).

b.3 The proposed wodel could help explain several characteristics of
the hot ductillty test amd HAZ migrofissuring. The various suscepti-
hilities of differenc alloys to HAZ microfissuring could be explained by

the lnfluence of bulk and/or precipitate chemiscry on the balanve of

surtace tensions. (The balance of surtace Lensions contyols the

10
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TABLE 1
Hot Tunsile Data

e

Specimen ~ Test Max imum Number of Cracks
Temperature. Strain (% €p) Large Medium  Small
. h » 5
- 2000 40 % non-fracture
ga' gggg %O é non-fracture
- 1€ A5 % non-fracture
23 ’ 2100 17 % non-fracture
3100 5 " non-fracture
22 2100 1.4% non-fracture
ig glgo 26 sg f}ac{hre
150 4. -
19 2150 1.9% 303-?3323?%
14 2175 1 % ?rac ure
16 2175 a.6§ non-fracture
17 2175 4 5 non-fracture
21 2175 1.7% nan-fracture
al 2200 0 % ‘racture
9 2200 3 % rracture
15 2200 0.7% Fracture
10 2300 0 = Fracture
21 23580 4,58 Fracture
11 2350 3 % Fracture
122 2350 ? Fracture

(3, ] & (AN B
» - 1 - -

cross head displacement rate - 2 inches/minute
fracture occurred 2 inches from nearest strain mark
small cracks found ‘nside grains resulting from grain

boundary migration
metallography for cracks not performed due to difference

in strain rate

cross head displacement rate - 0.5 inches/minute
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Figure 5, Fracture surface of specimen factured at 12058C
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Figure 7. A schematic of partial grain boundary wetting as a function
of temperature.
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Figure 8. A schematic of change in cross-section due to fluid flow
during tensile testing at 1205C.
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