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ABSTRACT

A mechanism for eliminating high temperature notch induced microorack
initiation within Inconel 718 was formulated by correlating the diglocation
theory of precipitation hardening with plane stress experimental results -
obtained at elevated temperatures. Elimination of notch sensitivity was found
to be pogaible by means of innovative treatment that i{ncreased the average
digtance between precipitates in this alloy from 50 to 167 atomie ibaues
without a prohibitive reduction of yileld strength., Thie distance modification
is critical as it must be sufficiept to enable dislocation line pegments to
pasg between precipitate particles to avoid shearing them. Othovrwise, this
alloy will be susceptible to notch induced microcrack initiation. This
analygis revealed that it is the spacing and not the gize of the precipitates
that determine the yield point of Inconel 718.< Precipitation diaperaion was
accomplighed by long duration molutioning and aging. Notched apecimens
subjected to this thermal treatment revealed ne eyidence of prematupre crack
initiations. Also, heat treatment of an aircraft jpart that had experienced
‘extengive in-service tranaformation of its atrengfhening gamma prime -
precipitates to delta phase platelets resulted if a dizcernible reduction of
thig deleterious phase without an excessive lodd of tenaile gtvength,

Finally, it was found that hardness testing iy’ inconclugive for evaluating
heat treat precipitation hardening proceduref and ghould be replaced by a
static shear or tensila yield point test at/the zervive operating temperature,
combined with a determination of the average distance between precipitates to
agcertain the material’'s notoh sengitivity.] This work demongtrates thet the
dislocation theory can be succes2fully appiled to increasing the rnliability
of asrospaue materials.

Agcosion For

NTIS CRA&H
OTIC TAB
Unannounced

coel]

v Jusnﬁcaﬂon N

1y Y
{ Bisn :ﬁuﬂnn;

| T I R o e e Wy

 Avilabity Codes |

oo -f Ayf3{ahdf£#-;: )




INTRODUCTION
1. BACKGROUND

Nickel base superalloys, although outstanding with respect to high temper-
ature gtrength, are quite difficult to weld. In the 1950s, Inconel 718 was
developed to fill this particular need. Inconel 718 ig characterized az a
weldable material because it provides a sluggish regponse to hardening/heat
treatment rates, where weld heat affected zone hardening ig minimized. The
formula for providing this property consists of: (a) subgtitution of niobium
for much of the alyminum and titanium, (b) introduction of 17% iron, and (c)
reduction of the amountg of cobalt and molybdenum. However, the effect of
these degign alloy differences reduces the overall high temperature capability
down to a maximum of 1200°F.

Since its introduction, Inconel 718 has broadened its areas of application
into ocryogenic and aeroapace fields. Today it is conaidered the state-of-
the-art metal and is uzed on many critical turbine engine components.

Deapite its use by major engine manufacturers and almost 4 decades of
tield experience, Inconel 718 continues to be plagued with mevere cracking
problems that gtill exist today. The following cites several Air Force
examples:

(1) .The cauge of the failures were shoulder pins manufaciured from
Inconel 718 which had cracked.

* . *
{2) Overhaul facilities regularly weld cracked engine components. One of
the metals with the highaat population requiring crack repair is Inconel 718.
This alloy is also responsible for a high rework rate since additional eracks
occur after the repaired parts have been through certain repair cycles, and
heat treatments.

(3) Fluorescent Penetrant Ingpection is uged to detect surface oracks in
engine components. Experience shows cracke in Inconel 718 alloy to be highly
elusive to this inspection technique. The confidence level in detecting the
highest possible percentages oi cracks is very low. Inconel 718 cracke are
virtually invigible to radiographic techniques for reasona explained furthur
in thia text.

(4) The augmentor liner uses Inconel 718 for reinforcement *ande. Thege
bande crack in service, contributing to the augmentor being the ramber one
cause for engine removals,

This work analyzes the primary factore that cause the deleterioua cracking of
Inconel 718, and explores the posaibility of reducing these causes.

2. PRELIMINARY FINDINGS.

Several Inconel 718 parts were evaluated, with primary emphasis given to
the TF39 Compressor Rear Frame (CRF) which exhibita extensive cracking of the
forward flange. The 1088 Actuarial Function data showa CRF cracking as the
number 2 cause of worldwide engine rewmovaly (Figure 1),




3. VISUAL AND MICROSTRUCTURAL EXAMINATION.

Replicas normal to the fracture surfaces were made on CRF service induced
cracked forward flanges. The replicationg were examined under a optical
microgcope and exhibited noncontinuous crack profiles indicating multiple
initiation sitea. This suggested that subsurface multiple origin micro-
cracking may be occurring, with all microcracks not reaching the surface at
the same time. Cross sections of the forward portion of the CRF adjacent to
the flange were mounted, polished, etched and studied. The obgserved
microstructures exhibited a relatively high dengity of delta phase platelets,
{Figure 2), formed due to the solid state transformation. The delta phase in
Inconel 718 ig normally in a globular shape and it manifeats itgelf primarily
at the grain boundaries. This normal microgtructure is shown in Figure 3.
Giobular delta phages impart certain desirable properties to the alloy auch as
pinning down of the grains for optimization of gtress rupture ductility.
However, the formation of platelets of delta degrades the alloy by depleting
the hardening phase 1°. The brittle delta platelets are an incoherent,
orthorhombic, nickel and niobium rich phase that precipitates at elevated
temperatures in a Widmanstdtten-type structure. The plateleta act as stress
raigers throughout the material to detrimentally affect the high temperature
fracture properties of the alloy. It is this transformation that sets the
temperature-time limits for engine applications.

A cross gection of an Inconel 710 crack (Figure 4), showing failure of the
fracture surfaces to geparate, displays the characterigtics of a tight line
crack rather than the usual wedge shape typical of cther alloys. The
resulting lack of ecourrencs of capillary action, combined with suriace
digturbances and digsadvantageous orientation, obscures the crack beyond the
detection limits of fluorescent penetrant and radiography* techniques.

¥ Insufficient density diffarence.




A-NOTCH SENSITIVE CRACKING AND PRECIPITATE DEPLETION .
A-1. INTRODUCTION.

The in-gervice degradation of Inconel 718 components parts is a two fold
problem congisting of:

a. The mechanigm respongible for premature crack initiation and

b. A golid state tranaformation that depletes the material of its
hardening precipitates, thereby weakening the matarial,

c. The firat of these phenomena called Notch Induced Microcrack
Initiation%, is known to occur in two alloys within the Air Force inventory:
Waspaloy and Inconel 718.

Notch Induced Microcrack Initiation

Notch Induced Microcrack Initiation i the susceptibility for premature crack
initiation to occur at elevated temperatures, in the vicinity of a netch or
strega raiger, ag a function of time at a constant external gtregs below the
yield stress as compared to an ldentical unnotched specimen. This ig followed
by gubsequent crack propagation by any number of mechaniams to critical arack
length and ultimate fracture. Notch Induced Microcrack Initiation ig a
phenomena where premature crack initiation occurs at elevated temperatures,
cauged by the effecta of ordinary room temperature plaatic deformation
combinad with plastic deformation due to creep. :

The second of the detrimental effects is the transformation of v’ (famma
double prime), a coherent hardening precipitate of chemical compound (Nia«Cb).
This precipitate exiasts in a metagtable body centered tetragonal structupre and
ig allotropically transformed into an orthorhombic noncoherent & (delta) phsae
of the same chemical composition:

v" (NisCh) ~-wemmecma- Yy & (NisCh) (1)
Body Centered Tetragonal Ovthorhombic

Thig tranafanmstion da=dodios L8S Gll0y vi it8 atrengthening properiies and
depending on the form taken by the reaulting deléa phase, it may i{mpart gtress
concentration inside the grains.

A theoretical end experimental development of the elements of Noteh
Induced Microcrack Infi!ation is {irst presented, showing the staps required
to eliminate ite occurrence. Thiz is followed by an in-depth analygis of the
sechanism of the 7° -=-) & trandiformation. The two phenomsna are then com-
bined and related to experimental results obtained in the heat treatment of
Inconel 718. From the above results a heat treat procedure is formulated that
conpletely eliminates Notch Induced Microcrack Initiation and considepably
reduces the @xiatenve of delta platelets. (A complete desoviption of ths
dispersed phase structures that control the in-gervice behavior aad nropartloa
of Inconel 716 is presented in & subseguent addendum).

¢ Formerly called Time Dependent Noteh Sengitivity




NOTCH INDUCED MICROCRACK INITIATION
A-2. PHYSICAL FRACTURE CHARACTERISTICS OF NOTCH INDUCED MICROCRACK INITIATION

Conzider a falled nqtched tengile specimen¥* tested under a constant load
below the yield point at a temperature between 1000°F and 1400°F. Examination
of the fracture shows it to consist of two distinct portiong. The initial
part or slow growth portion began at the notch and extended intergranularly
in a direction perpendicular to the loading direction and was discolored from
oxidation. (Figures 5 and 6). The remainder or fast fracture portion (not
ghown), was a transgranular "through thickness® shear failure that was not
digcolored by oxidation.c:»

Critical to the crack initiation was localized plastic yielding at the
base of the notch upon loading, followed by subsequent creep deformation at
the grain boundariegci,. Both phenomena contributed to crack initiation, asg
they alleviated the gtregs concentrations introduced by the existence of &
notch.c1» Slow crack extension then occurred primarily by plastic deforma-
tion, ag evidenced by a coalescence of voids or dimpled region on the fracture
gurface, asg the crack tip advanced acrogs the specimency,. Ultimate trane-
granular fracture occurred when the critical crack length corresponding to the
external load was reached.

Thé notch sensitive cracks initiated after 60% of the rupture life ag
compared to 965% - 97% in the unnotched gpecimen, where the intergranular
cracks initiated randomly within the gauge length..,.

.

B. THEORETICAL DEVELOPMENT.
B-1. DEVELOPMENT OF BASIC FUNDAMENTALS.

In order to Jdevelop the concept of crack initiation due to Noteh Induced
Microcrack Initiation, it is necessary to interpret its mechanism in terms of
‘an analysis of precipitation hardening of coherent dispersed particles. The
theory ia attributed to Mott, Nebarro, Cottrell and Orowancas»,

‘A digpersed phage ig gaid to be coherent with the matrix lattice when
there ia no diacreet {nterface existent between the two phasea. This
necegsitates that the lattice periodicity and spacing of the dispersed phase
closely match those of the matrix phase across their common planar suriace.
Any deviation in this lattice match {g accommodated by either local alastic
gtrainz in both crystal lstticed, or by the pregence of a defect, or by a
combination of both elastic strains and defect structure. (The defect is
ugually a dislocation structure within the planar interface) (a».

# The specimens were heat treated with a notch sensitive procedure, in
accordance with the heat treats of current indugtrial applicatfons. A completas
thaory of precipitation hardening must cover the rande of values the {low
stress takes from the solution tresated condition before the saturated solid
solution hag decomposed, (zero gize precipitates) up until the overaged
condition whare the precipitates are go large that they f{ail to adegquately sct
as a strengtheniing mechanism.
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Figure 2 - (1000x)

(Barbles atch)

Optical micrograph of microstvpucture of Inconel 718, taken foom &
Compreasor Rear Frams pemoved from gervice. The needles are

the projection of the platelots of dolta phase in a Widmanstitten
structure, according to the reaction: : :
' (NisCh)

& (NiuChb)
Body Centered Tetragonal

Orthorhombic

Hoat treat procedure: Solution Treat -~-----)

ASe -q-—-a—q-a—oc--u».o--)

1,700% for ! hour
1,300°F for 8 hours
1,180°F for 6 Hours




Figure 3 - (1000x) (Marbles etoh)

Optical micrograph of microstructure of Inconal 718 virgin
saterinl, taken from a Compressor Rear Frame flange, that
did not see service. Note the undeformed grain# with
glodbuler delta phase at the grain boundaries,




Figure 4 - (1000x) (Marbles @ich)

Gptical micrograph of a notch induced line crack profile in &
failed Inconel 718 augmontor liner shoulder pin.




Figure § - {59x)

{Poliahed but not etched)
Optical mierograph of a double
notched specimen of Waspaloy,
heat treated with a noteh
genaltive procedure, tested at
1000°F at 80 kai for 00X of ils
rupture life.

a. Microcracks are in an
early stags of crack initiation.

b. ‘“Through thickneas' crack
at a later stage of intergranulssy
crack growth (BReierence 1),

Figure 6 - {800%)

(Polighad but not etched)
Optical. micrograph of & notch
induced intergrenular mioprocvack,
i the early stegec of coraock

~development., The part is# & Pratt

and Whitney engine componant,
manufactured frow Inconel Ti8
and heat trested with & noted
sengitive procedure. (Service
condition 1000°F-1200°F).
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The flow stress#* ig the value of the critically resolved shear atresa that
ig necesgdary tocs,:

(1) Move the immobilized d:slocations to free them from their precipitate
barrieras.

(2) Move these freed dislocations to overcome the Peierls stress so that
they glide in their slip system and move out of the material, and

{3) Activate new dialocation sources and therefore increase the
dislocation dengitycs,.

During molidification of a polycryatalline alloy, all of the grains
nucleate and grow in different directions, so that when they meet at the
grain boundaries, each grain ig mismatched from its neighborz. Slip or
yielding initiates when the flcw stress is reached first on one and then on
a number of differently oriented slip systems within an individual grain. Slip
ig tranamitted to adjacent grains when dialocation pileupa occur at the grain
boundariea, creating a stresa concentretion that unlocks existing dialocations
from thair barrievs and activates new dislocation scurces in the naighboring
graina. W®hen a dislocation has expanded to the boundary of the speciﬂin. it
moves out of the material, and the diglocation ig annihilated,
reducing the energy of the system. The top part of the metal haz been
displaced by one atomic distance with respect to the bottom part, apd the
material is said to have yielded. It is the immediate relesss of this
annihilation energy by a multitude of diglocationg that simultansously
surmount their barriers, in an avalanche of dislocation breskaway, with
subgequant movement out of the material, that isa responsible for the yield
point.

To atrengthen a material, the increage in yield streas dependa largely on
the strendth, structure, gpacing, size, shape, and diatribution of the
precipitate particles as well as on their degree of misfit. When an isclated
soiute atom i3 present {n the golution treated condition, it creates a degree
of migfit € in the solvent crystal, mo that the atomic radii of the solvent
and soluta atoms are given by ra and ra (1¥g) respectively. Any gise coherent
spherical particle that erncloses a given group of lattice sites, changes its
radius by the factor (l+e) go that the degree of misfid of a spherical
particle is independent of its size. The precipitate particlas are diapersed
in the alloy material to create a strain field that produces reafdual
microatresses that act ax barriere to dislocation motion and gives the
material ita vield strength. The shear stiain associated with these
microatresses at a distance R from a gpherical inclusion of radius ¥,
and migfit ¢ ia given by the theory of elasticity to be:

Strafn = gr.® (R ) reo) n
aﬂ

® The {low stress or critical resoived shear stress is the yield point in
shear.
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When a supersgaturated solid solution ig freshly quenched from the golution
treated condition the particles conzist of many solute atoms digpersed within
the material matrix an average distance Q of about 3 atomic spaces apartcss.
When this material is raiged to the aging temperature, the formation of a
gecond phage occurg by nucleation and growth of the precipitate particles as
a regult of diffusion of, the solute atoms. As the distance @, between
precipitate particles increases, many small particles are replaced by fewer
iarge ones, and the hardness and yield strength increase to a maximum, for
the fully aged alloy. When thisz happens the immobilized dislocation line
gegments must surmount a potential barriercs, 4, that ig characterized by a
critical dispergion gize or eritical average distance between precipitates Qa.
If the aging treatment was allowed to continue, the alloy becomes goft again,
and is said to be This ig when the dispergion size exceeds the
critical digtance, and then continues to increase with increased hours of
aging. Since £ ig constant, regardless of precipitate zize, softening occurs
when changes in the state of dispersion take place, without changes in .

It ig shown in the next sectien, that it ig this critical distance Qe,
that must be exceeded for a dislocation line segment to pass between two
precipitate particleas without shearing them. Then the critical gpacing Qe
determines the maximum yield point and not the azize of precipitate. It is
this mechanism that must act, when yielding is incipient at the bage of a-
notch to completely eliminate Notch Induced Microcrack Initiation.

Lets asgume that the yield peint stress of an alloy iz due to the a&erage
arithmetic mean of the internal stress that acts at a distance from a given
dislocation line segment, due to cqherent spherical precipitate particles
dizperged thooughout the material matrix. Mott and Nebarrocs, derived# an
expression for this average internal ghear stress or yield point streas that
immobilizes a dislocation:

61 = 23¢C (2)
Where:
@ = Shear modulus of elasticity lba
in?

e = Degree of misfit po_- r: in

rs in
ro = Radiug of solute in
ry = Radiua of golvent in
C = Volume fraction of precipitate volume/volumre

¥ Lat the average digtance from any point in the matrix tc the nearest
precipitate particle be 1/2(N)*“?* in a material containing N particles per
unit volume, each of radius ro and misfit e, Subatituting in eq(l) gives a
strain of approximately 8ero®N, and when the concentration of solute
¢~ (4/3)nr 3N, is inserted, equation (2) is obtained.
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Note that thig result for o4, the flow gtress, is independent of: (a) €, the
digtance between precipitates, (b) the crystallographic structure of the alloy
and (¢) the dislocation density, but depends very strongly on: (a) the shear
modulus of the matrix material, (b) the degree of misfit of the precipitate in
the host material and (¢) the volume fraction of the precipitate when the
alloy is at its maximum,yield point.

It one now considers a rigid atraight dislocation line sedgment, equation
(2} suggests that the solute atoms should fully harden the alloy, regardless
of dispersion gize, since it iz independent of Q. Alternatively, one can aay
that a gtraight dislocation line is acted on by randomly alternating stresc
flelds, aome of which push the individual dislocation segments forward and
otherg that push other segments backward, so that the algebraic average of all
gtregses cancel one another and there ig no hardening. Mott and Nebarroca,
then postulated that the theory was incomplete, gince the dislocation line was
not rigid, and individually pinned gsegments have the flexibility to move
independently of neighboring segments to bend around regions of high
interaction energy so the random forceg do not all cancel. This would explain
the effect of the scale of disperzion. Hence, the extent to which one section
of the line can move independently of its neighbora, dependa on the distance
batween theu, Q.

Cottrell(s> then related the limiting radius of curvature R, to which a
pinned dislocation line zegment can be bent to the flow stregs o:, by the
principle that a curved dislocation line can be held in equilibriuﬂ in the
ghape of a curve, only when it ig acted on by an outward shear force due to an
applied external asiresscs, s». Thg shear force acts normal to the diszlocation
line segment and ig balanced in equilibrium, by an opposing inward force
component due to the line tenmion at the ende of the segment. Balancing theame
two forces, he arrived at the following resultcs, a:

R= adb {3)e
L Y

‘with o having the value of .§.
3 = Shear modulus of elasticity
b = Burgers Vector
@y 5 Flow gtreas

Cottrell.s» then compared R with 1, and showed that the maximum radius of
curvature that a dislocation line gegment can be bent corresponds to the
maximum yield etress of the fully aged alloy when R is of the order of
magnitude of Qo:

Qo :B‘ ,56') (4)
e

When Q) = Q., the dislocation can bend the maximum amount possible »round
regions of high interaction energy, and when slip occurs, the line segeant
overcomes the maximum potential energy barrier from one enerdy valley to the
next. o

¢ Equation 3 is devrived in Ref (4).
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Since ¢: i8 independent of Q in equation(2), Cottrell gubgstituted{2) into (4)
and used his values of ¢ = 1/5 and ¢ = 1/40 to establish his criteria for the
critical dispergion gizecs). :

Q= " R=_.5Gb = _.Bbb = .5b = 50b (5)
. o1 2eC (2)(1/5) (1/40)

For the alloy to be in the fully aged condition, the average distance
between precipitates ig in the order of 50 atomic distances. When § ¢ Qc the
material ig underaged and goftened. When Q > Q<, the material is overaged and
ig softened, as the yield point decreases with increased aging time, (Figure
7). This suggeats that the precipitate size increases ag the distance between
precipitatea exceeds the limiting radiug of curvature, for the critical
disperaion size given .n equation (4} by Mott, Nebarro and Cottrellca..

i
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Orowan(s» later proposed that, in an overaged alloy, the dislocation line
segments are pinned by widely spaced obstacles and do not have to overcome a
large potential barrier to initiate the flow stress, but bulge instead into
the spaces between obstacles (Figure 8). As this occurg, the applied stress
increages until adjacent sides of neighboring loops join together to bypass
the obstacles, go that the line segments pass between them. The precipitates
are left encircled by small ring segments of the released dizlocation, which
act ag additional obstacles that increase the flow stress on subsequent
diglocations. The flow stress required for yield to occur is the ghear gtress
that will bend the diglocation line segment into loops of Q/2. By equating the
limiting of radius of curvature o G b to Q/2, Orowan arrived at:

Oz

0y = 20a@b (8)
Q
Where o = .5,




18

S DIRFCTIO G
/£ FORCE

N

Figure 8 - Diglocation mechanism for overaged alley. Didélocation passes
betwesen precipitates whon the distance betwoen particlos wxcaeds
the limiting radius of ourvature to which the dialocation cln bc
bant. . , ,

&. Applied stress overcomes internal stress. Dislocation buagcs
into region between the obstacles. ' :

b. The bulging increases as the external styess 1ncrannte uatil
eventually adjacent sides of neighboring loops foin tegether.

o. The dislocation pawses between the obttucles. lcavina thcu
enclowed by small r&ng cogueuis o! tho rtloaned di:loc&tion. ool
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Hence, the flow stress decreages inversely with the scale of dispersion
for the overaged alloy. As precipitate growth takes place, Orowans above
process replaces that of Mctt, Nebarro and Cottrell(s, and the dislocations
pasg between the precipitates, almost as soon as the scale of dispersgion
exceeds the critical valuecs, s. 7>. This precludes the premature shearing of
precipitates by the dislocations.

-

Congider now the early stages of aging from the complete solution treated
condition, up to the fully aged alloy. Here, the Orowan condition does not
hold, since the line segment must reach the maximum radius of curvature and
first satiafy equation(5) before it can pass between particles according to
equation 6. Suppose inatead that the dislocation moves from 4 to B without
appreciably departing from a straight line (Figure 89). Let 7 be the anenrgy
per unit area of the interface produced when the particle ig gheared, and nr?
be the area of a precipitate of radiug r. Then the energy to cut the particle
ig glven by v(nr3).
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Figure 0 - & dislocation can eitber cut theough precipitates from Pusition.d .
to Position B (solid line), or else pass beiween ﬂuu to ubh{y e
Orowan's eritoru (dottcd uuﬂ. S e
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Let b be the Burgers vector of the dislocation line segment of length Q
between precipitates, and the shear force per unit length acting along %the
diglocation line o:cb. Equating the energy required to the work done by a
dislocation as it moves from A to B:

0scb Q 2r = x r3« (7

Gic * _NM__AD (8)
2 Qb

where 01 i8 the flow gtress necessary to ghear the particle. For a
coherant particle:

if 042 2 04

the dislocation will circumvent the precipitate. If:

Oic ( 04

the particle will be gheared.
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B-2 APPLICATION TO INCONEL 718 ALLOY

Taking an actual case of Inconel! 718 alloy tested at 1000°F, the
manufacturer specifiedcs, the fully aged condition as having a tenaile yield
point of 133 kgi and a shear modulus, G = §.7(10)® pei. Experimental
regultd s, related the ghear yjeld strength to coherent ¥° and +' precipitate
particles 60A in diameter, after golution treating for ! hour at 1700°F
followed by aging for 3 hours at 1325°F.

Predicting the flow astreas theoretically, with the equation of Mott and
Nebarro, (Equation 2) uaing the valuea of & = 1/5 and C = 1/40 given by
Cottrellcaq,:

6y = 2 8Ge C= 2(9.7110% 1b/in® (1/5)(1/40) = (2)
97,000 psi o

w o

Thig ig the yield point stress for the fully aged alloy that immobilizes
the dislocations, and that must be overcome if they are to circumvent their
barriers. Substituting o« = 97,000 psi and G = 9.7(10)°® psi (meagured by Inco
Intce>! into Cottrell’'s equation gives the critical diztance between
precipitates:

Q=Q."Rs _60ab ) 40
T
Re = &.5)(9.7)10% = 50b .
(87,000)

Thig {2 in exact agreement with Cottrelly prediction, presented earlier in
aquation {8) for the ecritical dispersion #ize fle. The experimental vesults,
meagured the flow atreas to be 67,500 pai. Thie was far below the valus
predicted here from Moti and Nebarros theory. Thig long vange resiating force
-0f 97,000 psi fmmobilized the dislocation, but since tha prec!pi%&tda werd
sheared at a lower gtress:

Ty € Oy V 7 {10)

The diglocation passed them by the cutting procecs. Thiw iu confirmad by
transmission electron microscopy micrographa, taken after the specimen %as
oreep rupture tested below a yield stress of 130 kai, which showed that the
deformation was localized in slip bandas (Figure 10). This microstrusture
showed severs Notch Induced Wicrocrack Initiation, with ultisale fravture
ovourring after 17.5 houras in the notched gpecimen es compared to 5313.4 hours
for the unnotehed specimen.
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Figure 10. Tranamission elactron micrograph of an Inconel 718 epecimen
golution treated ) hour at 17T00°F fuliowed by aging 3 hourw at
1325%F and teated at 1000°F at a constant appiied strass of
130 kai (Yield Point = 135 kgi). HNote the localized slip bands
on the gurface, signifying thal ths dirlccations sheared the
v'/%°9 papticles on the {111) slip planes, and were in pairsd,
separated by stacking faults. (Reference 8) :

* 1'/¢° will denote 7' and/or v'. The characteristic X-ray spectra v very
close for v' and v" and therefors the difference is sometimes difficult to
distinguishcusr. . : ' - S Do
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To find the energy necesgsary for the dislocation to shear the atomic bonds
of the precipitate, when the flow stress, o:e = 67,500 pgi, ig reached,
equation (8) is sgolved for v with:

Q= 50b; r = 30 A
b = Burgers Vector for v matrixcio» = 3.59 &

then: 2 g1e 20 b=
nr

dyneg
{67,500) psi x (.06895) 10° cm® x {(2.0)(50)(3.59¢(10)"%)2 cm?
pai
(3.1416) (30)10°° cm

= 636A5 ""a"gs

cm?

This is the energy required to cut through a +° particle of HisCh in the
body centered tetragonal structure. This value is a reasonable result when
compared to values exceeding 1000 ergs/cm® for intermetallic compounds
incoherent with the matrix of aluminum or copper alloys, and 100 ergs/om?® for
Quiner-Praston zones, coherent with aluminum bage alloys (e». .

The above analysig has shown that the limiting factor that deternines the
maxiwum yield gtrength of an alloy ja the length of dislocation line that can
be bent to the maximum radius of curvature by the applied shear siross, and
not the size of precipitate. The aubject of precipitate size will be
digcussed in Section D. The size of precipitate ‘s, however, very important
when it {s gheared by the dislocation vefore the maximum radius of ourvature
ig reached, Gxperimental evidsnce will be presented zhortly to show thet (¢
is this cracking of precipitates combinad al identical locations with
gubgequent high temperature grain boundary movement that is the Notoh Induced
Microcrack Initiation Mschanisa. :
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C. THE PROPOSED HEAT TREATMENT

In order to prevent Notch Induced Microcrack initiation from occurring in
Inconel 718, the average atomic distance between precipitates must be
increagsed to exceed the eritical distance set forth by the theories of Mott,
Nebarro and Cottrell(s>. Then the dislocation line segments will bulge
between obsgtacles, at a reduced flow stregg, without shearing the particles.
0f the different heat treat procedures formulated, all met the above
requirements of Orowans criteria (Equation 6), and all of them were free from
Notch Induced Microcrack Initiation, when tested in plane gtresg at 1000°F and
1200°F(s>. However, only one heat treatment* met the requirementa formulated
in AMS 5596 for yield and ultimate gtreseg in plane stress deformation.
Analyzing this heat treat, the r--ults gshowed a flow gtregs of o4 = 58 ksl
meagured at 1000°F s> (TEM measurements showed a particle diameter of
200A) ce,. (@ = 9.7 10® psi at 1000°F)ce>».

Ingerting this result into Orowan's relation for an overaged alloy
(Equation 6}, gives the average dispersion size at 1000°F.

Q= 2aGb = _9.7(l10)% b = 167b
04 (58) 103

Thus, by applying thig heat treat, the distance between precipitates has
been increased {rom 50 to 167 atomic distances.

¢ Solution treat 10 hours at 1700°F #25°F, furnace cool with argon; age 48
hours at 1350°F +185°F, furnace cool.
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Figure 13.

Figure 13a -

Figure 13b -

a8

TEM micrographe of Inconel 718 heat treated 1 hr at 1950°F ¢ 48

hr at 1380°F and tested at 120 kei, 1100°F. 3lip bande appser on
external surface. Dizlocation moved exclusively by slip on 111
planes as they sheared the +'/+" particles, to produno !oa&lizad SR
deformation. (Haference ©) .

TEN micrograph of identically prepared apacinan a¥ in P!g lSt.
but tested at 30 ki, 1400°F. Particle growih plus tEermal
fluctuationy veaulted in partiole bypauu ‘with no lotalived .
defermation. Deformation was houoaaneoua as dislogations
betwean particles, bending loops “arvund +' particloa Gud
entsnglauant vith 4" particlel. {Ratouance ﬁ)

e
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Y

SR

d . 0
(+) ?35003?? MDtirecation | o) ‘?5302°° hrs.kit x?eoor
a loop
‘gr:“:zg ;°°p‘ are indicate encircles two éartic\esr
(a) Aged 485 hra at 1200°F (b)- Aged 200 hre at xa'a'o-'p |
(700°C). Dislocation - {750°C). At A, a losp

(Orowan) loopd are - enoircles two particles.
indiocatod at A and D, C ' S '

Figure l4.

Figure l4a - Paired dislocations shearing precipitate particles at oritical -
separation digtance and peak yield point. (Reference 18).

Figure 14b - Dislocation loops around precipitates in an overaged élloy R
Dislocation segments greates than the oritical length pageed -
betwean prucipieates. satisfying Orouan 8. criterin. oy s T
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When the above flow stress, ¢: = 58 k#i required to overcome the yield
gtreas of the material, iz compared to the shear stress o0:c hecessary to»cut
through an NisCv precipitate particle, with:

. 1 = 636.5 erge/om® ; 2 = 167b
r = 100A; b for v matrix = 3.594  (Ref 10)
Gic = N 10 = 134 kai _ (8)
2 Qb

The results'aétisfy inequality (9):
Osc > O i.e. 134 kai > 88 kai

g0 that the dislocation will pass between the precipitates without shearing
through them, and Notch Induced Microcrack Initiation doeg not ocour.
(Figures 8, 11, 12).

This 18 confirmed by the TEM micrographs that show that the dislocations
were not localized in a2lip bandg as in figures 10 and 133, nor obaerved
cutting through the particles ag in figure l4a, but wera observed entangled
with and leaving loopg around ¥ and v’ precipitates, after passing between
them on the #lip plane (Figureg 13b, 14b). .

Comparing the rupture lives of notched specimens of the proposed hesat
treatment, with notched specimens of a heat treatment that exhibited the
optimum tensile yield point ag given by the manufacturers gpecificationgi
shows a substantial inoreage in service life t1ll fracture when Notch Induced
Microcrack Initiation {s eliminated (Figure 15}, :

# 135 kai at 1,000°F as apecified by the manufacturer, Huntington Alloy ,
Division of Internationsl Niokel Co. in their apecifications for Ianconsl 718 -
(Reference 8, P.11 Table 24). T :

.
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CLOSURE

0f all the calculationz performed on test data from different solution and
aging heat treatments, the underaged and critically aged specimens had their
precipitates sheared by dislocationg. This regulted in premature crack
initiation at elevated temperatures, (where subsequent creep grain boundary
movement occurred), as compared with unnotched specimens. Initiation was
followed by crack propagation to premature ultimate fracture. In each case
TEM analysis exhibited zlipbands due to localized non-homogeneous
deformation(s,, where the dislocations sheared the ¥° and ' precipitates.
{Figures 10, 13a, 14a).

In the proposed treatment, the gpecimens were overaged and the
diglocatiuns passed between their precipitated barriers (Figures 8, 11, 12).
Premature crack initiation at elevated temperatures did not occur as compared
with unnotched specimens, and this regsulted in extended service life (Figure
15).

TEM micrographs confirmed in each cage, that the dislocations bypasded
the precipitates without ghearing them(s, resulting in homogeneous high
temperature deformation, in which Notch Induced Microcrack Initiation was
elimingted. In every case the theory wag in complete agreement with the
experimental regulta of Reference 0.

-

The precipitate cracking characterized heretofore, when combined at
fdentical locations with high tempprature creep deformation, ia the nuoleation
mechanism for premature crack initiation.

D. EFFECT OF SOLUTION TEMPERATURE

Decreasing the solution treatment temperature without changing the
solution time, keeping the aging time and temperature constant, deoreages the
amount of alloying elements taken {nto the solution treated and gquenched
‘condition. Thia decreases the volume fraction of precipitateas generated
during aging, and decreases the precipitate agize at the oritical distance.
However, the reduction in critical aize doea not effect the oritical distanve
between spherical coherent precipitates and the maximum yield point asmociated
with this distance.

Let's compare the behavior of Inconel 718, when the aging treatment is
held fixed at 48 hours and 1350°F and the solution time held constant at 10
hours (Figures 11, 12}, When the material ig solution treated at 1080°F and
creep rupture tested at 1000°F, Figure 11, the distance between preaipitates
is 30 Burgers vectors*. The specimen exhibits gevere Notch Induced Microorack
Initiation at a sheap yield point of 50 ksic(e». Reducing the solution
tenperature to 1800°F reducey the alloying elements available for
precipitation and this decreases the critical particle size. Since the.
average distance between precipitates Q, is cloger now to the ¢ritical
distance, than when solutioned at 1950°F, there will be a small inorease in
the particle size, resulting in an increase in the distance betwesen
precipitates from 30 to 41 Burgers vectore. Hence, there will be a

» A& Burgera vector is the shortest atomic distance on & close packed glide
plane.
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corresponding increase in the yield gtrength to 61 ksi. Here, Q ig cloger to
? critical than at the higher solution temperature and Notch Induced
Microcrack Initiation has been reduced but not eliminated. If the aging
procegs 1is now applied with further reduction in gsolution temperature a
critical dislocation line length is reached, together with its corresponding
maximum yield point but with a smaller critical particle size.

Finally, by reducing the solution temperature to 1700°F the critical
precipitate asize is further reduced, and is surpagsed by the aging treatment.
Here the length of dislocation line segment goes beyond the critical length of
30 to 167 Burgerg vectors with a corresponding reduction in yield strength
from the critical value of 68 ksi to 58 ksi. This however gatisfieg the
gspecification requirements set forth in AMS 5596 for plane stress deformation.
The material ia now overaged, and Orowans criteriacs., get forih in
equationcs, iz satisfied. The dislocation line megments now pass between
precipitate particles without szhearing them and Notch Induced Eicrocrack
Initiation is completely eliminated.

Hence, reducing the solution treating temperature, decreases the amount of
alloying elements taken into solid solution, which decreases the precipitate
gize at the critical distance. This does not alter the critical distance
ftself nor the maximum yield strength which occurs at the eritical distance,
when the dislocation line segment between gpherical coherent precipitates, is

bent to its maximum radiug of curvature. “




35
E. THE EFFECTIVENESS OF HARDNESS TESTING IN THE EVALUATION OF YIELD POINT
STRENGTH.

The results of a plane gtress static test at 1000°F on unnotched tensile
specimens of Inconel 718#, show a tensile yield point of 135 ksic(ss. This ig
in direct agreement with the yield point obtained by the alloy manufacturer,
(International Nickel Co), when the material specificationsce, were
egtablished. Hence, the average length of dislocation line segment gatiafies
the critical disperasion gize Qo, when the material shows the optimum yield
strength at that temperature. However, the hardness tests on the specimens,
showed a diamond pyramid hardness of 375, which waz lower than the hardness of
gpecimens from another procedure#* that exhibited a lower yield pointcs,. The
game lack of correlation occurred when identical specimen of the two heat
treats were tensile tested at 1200°F by identical testing proceduregc¢s>. The
answer lies in the change in microstructure that manifeets itgelf in the high
temperature behavior of the alloy between the onset of yield and the
attainment of the ultimate ztrength. Thus, the failure of a room temperature
hardness teat to evaluate a high temperature condition is revealed.

" # Solution treat for 1 hour at 1760°F7 ¢ 35°F followed by an aging treatsent
for 3 hours at 1325°F + 15°F, - o .

#¥ The other procedurs was to solution treat | hour at 1050°F + 28°F f5)lowad
by an aging treatment fo» 49 hours at 1350°F +15°F, which show-d Y dicland
pyramid hardness of 400 with a yleld point of 120.%5 kai.
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When the yielding of the gauge length is completed, many new dislocation
sources are activated, with a resulting increase in the dislocation density.
Az the dislocation density increases, the moving dislocations are immobilized
by interacting with newly formed stationary dislocations that pin them at
their interior pointa. The barriers to dislocation motion are now so numerous
that the diglocations remain pinned and the material is said to have work
hardened. It is now impossible for further plastic deformation to occur,
unleas there is an incremental increase above the flow stress that wiil
free a limited number of dislocations to produce an increment of strain.
Consequiently, the number of diglocations released in each incremental increase
of stress are ingufficient to cause an avalanche as happened previously at the
yield point. The barriers to their motion will pin them after they move a
short distance, and another increment of stress is required for plastic
deformation to resume. During this process at 1000°F to 1200°F, there is an
additional strain increment from grain boundary movement due to creeps,

The limit of the ratio of the amount of shear atress required to exceed
the flow gtress to free the dislocations from their barriers, to the amount of
plaatic strain increment caused by the resulting dislocation motion, asm the
gtrain increment approaches zero at that temperature, ig called the alevated
temperature work hardening coefficient. It is the physical gquantity that
signifies the conclusion of yielding, and the activation and retardation of
plastio flow after yielding haa ceased.

Hence, when the yield point is approached during a static tensile test at
room or elevatsed temperature, two independent mechanisms dominate the plastic
deformation at different times dur{ng the test: .

a. The flow stress iz the phyaical guantity that frees the immobilized
diglocations from their precipitate barriers in avalanches, without an
increase in the externally applied atresa, and characterizes the shear yield
point of the material.

) b. The work hardening coefficient i{g the physical quantity that marke the
conclusion of masmsive dislocation breakaway and chavacterizes the terminstion
of yielding. It {e the functional mechanism that dominates and controla the
dislocation reactions, from the terminstion of plastio yielding up until the
ultimate strength, at which time the specimen bagina to neck down fo» ultimate
fracture. :

Consider now, the reduction in the yield point, when the eriticsal _
digpersion gize (1. is surpassed, in overaged Inconel.718. Bach dialocation
line segment bows between widely spaced otatacles and pazses hetwasn them, As
the dispersion #ize increases, the process ig characterised by Ovowan'as thoory
(Equatien 0), and it raquires a lower flow stress for esach dizlocation segasnt
to surmount its precipitate barriers.

¥ I1 the tensile or creep test is allowed %o continue over a sufffofent tiws
interval at an elevated temporature, the interpal strexe i3 fuvther reduced by
growth of precipitates, or recrystellization of strain free grains in the .
surrounding watrix which soften the material by weducing the intansity of the
internal strains.s». L o R
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Upon increaging the applied stress to the ultimate gtresa, it is found
that the ultimate stress aldo decreases with increasing aging time, and it is
this gtress that ig estimated to a first approximation by a hardness test.

As the yield point ig approached, the microstructure of the virgin
material congists of undeformed graing, containing globular delta
precipitates at the grain boundaries (Figure 3). The precipitates ¥'/v" are
the primary barriers that immobilize the dislocations to give the material its
yield point strength®. A precipitation hardened alloy has itz maximum yield
point strength when the average dislocation line gegment length is at the
critical diapersion distance Qc, and this ias governed by the relation of Mott,
Nebarro and Cottrell (Equation 5). When the alloy is overaged, Orowan's
criteria (Equation 6) replaces that of Mott, Nebarro and Cottrell to realate
the digperaion digtance Q with the flow stress(s,. The flow atrese is the
mechanism that controla precipitation hardening at the onset of the yield
point where the alloy has the microstructure depicted in Figure 3. -

During yield, there are an enormous number of dislocations that leave the
material to give the alloy ita plastic deformation, together with a severe
increase in dislocation denaity, due to the activation of meny dislocation
aources. Each source will generate an almoat unlimited number of digloca-
tions, which are finaily pinned by atationary digslocations and other barriers.
Thege will then act as new barriers after yielding has terminated over the
gauge length, due to the action of the work hardening coefficient. Tha work
hardening coefficient is the physical guantity that controls the defermation,
up until the ultimate strength where work hardening can no longer occdur. The
material has now deteriorated to a state of incipient ultimate fracture, and
{te microatructure has complately ehanged during the transtormation thst bagan
with the onset of yield. The grains are now severely deformed due to work
hardening and high bemperature grain boundary creep movement. ‘The
precipitates are no longer useful as a strenjthening mechanism aftd# ths
material hag seen extended service at 1200°F and above, where «'/v" grecipi-
tates have enlarded with time, and +° has transformad snto plntolett of thi
delta phase. : _ .

¥ The precipitates v+ and/or v’ are no! seen at the gagn;ticattop»aivﬁigurp 3. :i
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When the ultimate stress is reached, equations % and 6, the flow stress
and the work hardening coefficient have no physgical significance, and the
regults from hardness tests are inadequate to evaluate a heat treated item,
for its yield strength or for its capacity to eliminate Notch Induced
Microcrack Initiation#.

Hardnegg testing should be replace& by a static tengile or ghear teat at
the gervice operation temperature, combined with a calculation of the average
distance between precipitates. Analysis of the dispersion size, is to be done
by the theory of Mott, Nebarro, and Cottrell when the critical distance exists
between precipitates, (Equation 5), by and the criteria of Orowan, (Equation
6), when the critical distance between precipitateg is surpasaed by overaging
tha alloy.

¢ This was denonsirated by an exawple cited eanlier in this iw.ti@a.-
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F. ELEVATED TEMPERATURE MECHANISM FOR YIELD STRENGTH REDUCTION

Evaluation of the mechanical properties of an alloy at elevated tempera-
tures depends on a number of factors: (1) The implementation of the correct
teating procedures, including the attainment of thermal equilibrium over the
gpecimen in its furnace.environment. (2) The stress distribution, i.e.,
whether plane stress or plane strain conditions prevail, and (3) The
interpretation of time independent and time dependent mechanical properties as
related to the material microstructure. Since in-service behavior for a
gpecified time at a fixed operating temperature is equivalent to an extended
aging operation at that temperature, it is sometimes convenient to demonatrate
the gtructural changes that occur due to digslocation motion as a function of
time, to explain the changes in the materials yield point. 1In thias gection,
an analysgis igs made of the changes that manifest themselves in the
microatructure and energy distribution of solution treated* and aged#¥.
Inconel 718 mpecimens that were stress rupture tested below the yleld stress,
at elevated temperatures of 1100°F and 1400°F, raspectively. From these
experimental reaults, inferenceg are drawn that show the structural changes
that act to reduce the yield point atrength at elevated temperaturaes.

In the FCC lattice, exclugively on (111} planey and (110> directions,
tranalational glide or g2lip is usually the principle mode of plastic
deformation. However, rather than occurring by a continuous distributiorn of
atomic sized shear displacements on planes a few atoms distances apart, the
glip which accompanies larde plastic strains takes place, with dialboations
moving out of the material on relatively few planes thoussnda of atomic
digtancea apart. Only the atomic ponds in the immediate vicinily of the slip
plane undergo & change during the shift in position. The active alip planes
are geparated by larges regions of undisturbed crystal which translate as
blocke during localized deformation.

Unnotched specimena were tested at 1100®F at a constant applied stress of
120 ksiows, and the rveasults were examined by TEN analysiscw:.  (ill} planar
alip bands appeared on the external surfaces, signifying that ‘the dislocations
woved exclusively by slip on (111) planes, as they cut theough the cohevent :
v'/%° precipitates, and were annihilated at the externs! surface. (Figure
13e). This localized deformation mechanism (#lip bands sepsrated by large
regions of undigturbed orystals), occouprred whenever the spscimens were tested
at tsmperatures low encugh for little or no growth of the v'/4" partsolnl.
Ultimate fraoture wag by stress ruptuvt after 1.4 hours.

» Solution treated for 1 hour at 1930°F & 25°F.
e¢ Aged for 48 bours at 1350°F ¢+ i5°F,

vew The static yield point stress at tbs::toupar;turo_SI ISQ kofcos.
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Identical specimens were tested at 1400°F at 30 k=i, and structural

changes were observed as compared to the results of the 1100°F tegts. &
needles precipitated within the grains depleting the v° strengthening
capability. At 1400°F the +' particles grew to 750A diameter, and 7° to
plates SC0A thick and 40Q0A long, and both precipitates were still coherent
with the matrixce,. Slip bands were not observed but dislocationy were seen
"entangled with 7° and in some cases ag loops around v’ particles’, and ihe
deformation wag homogeneous(s,, (Figure 13b). The results are congistent with
the bypass mechanism of Orowan’s criteria (Equation 6), where particle growth
during the test placed the gpecimen in an overaged condition that exceeded the
critical digtance -, a condition that would reduce the critically regolved
ghear gtresg. The gpecimen fajled after 385 hours as compared to 1.4 hours at
1100°F. This suggests a posgibility of & phase stresa raigers combined with
creep for crack initiation at the lower temperatures.

The above results are analogous to the conclugions drawn from an
investigation of Waspaloy at 1000° --> 1400°F. Here, the dislocations sheared
v' particles whose average distance was leas than Qe and circumvented %'
particles with Q ) Qo 11>,

Hence {t 13 demonstrated that, as Q. is exceeded by the growth of
precipitates during high temperature operation, the dislocations pass batween
their obataclea, and the critical resolved ashear stress is reduced by the same
mechanism that eliminates Notch Induced Microcrack Initiation.

There are other phenomena actin% under the effect of high temperature
microstructural changes that lower the critical resolved shear atresds:
(1) There {a the tranaformation of entire v' particles to & phass platelats,
which depletes the material of ita strengthening capability by removing the
precipitate barriers, (2) The proceds of cross slip occurg primarily in a two
phagse alloy, when the particle gspacing Q is at least ten times the particle
diameter:s, and the energy reduction of the aystem ig favorable.s,». Crogs
glip occurs becausa a perfect Durgers vector in an FCC lattice a/2 (110)»
always lieg on the line of intergection of two intergecting {(1il1) planes, 2o
that a perfect diglocation with screw orientation can easily change itz slip
planesd, Then there are the thermally activated processes that include:
(3) Thermal glide, (4) Climb and (5) Jog dragging.

* a2 is the lattice parameter of the corystal.

#4 Cross alip 18 actually considered a special case of the bowing out
sechaniam of the Orowan oriteria, which gives the diglecation line an
extra dejgree of freedom compared to the Orowan wechanism where the
dislocation stayas in one plane. See the digcussion (Reference §).
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Let a dislocation line segment be pinned by coherent precipitates at{ an
elevated temperature*, (Figure 16), and let a gtress 0. be required to
cvercome thig barrier. Here oo is the stress required %o bend the diglocation
line gsegment to its limiting radius of curvature when @ = Q.. Depending on the
elevated temperature, it is possible that lattice vibrations may cause thermal
energy fluctuations that,will increage the applied stress so that the required
external force exerted on the stress field of the precipitates may be less
than ¢, and the barrier may be overcome by the applied airegs o.

% Thig mode! was originally propoged by Cottrell to analyze the breaking away
of a dislocation line gegment from an atmogphere uf carbon impurity atomsz in
steel., However, similar arguments apply to other systems gince the
interaction energy ig of & gimilar formcesscias.
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Figure 18: Stress vs displacement for a dislocation line gegment, ag it
overcomes its barrier at elevated temperatures, with the aid of a
thermal stresas fluctuation. (From A.H. Cottrell (1957) Properties
of Materials at High Rates of Strain, Inst Mech Eng, London) .

-
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The thermal energy supplied by the lattice vibrationz is sufficient to
bend the disiocation line segment ABC to its limiting radius of curvature, in
order to pags the saddle point 6., and surmount the potential energy barrier.
Thig extra energy supply increages with increasing temperature to cause the
critical resolved shear gtress to decrease as a function of temperature. The
above procesgs is sometimes called thermal glide, gince it requires the
imparting of thermal energy to initiate slip, at the applied stresgs o. The
rate of break-away of diglocation loops per unit time, is given by
Cottrelcias to be proportional to: (a) The number of pairg of precipitates
separated by Q-, (b) The vibrational frequency of the lattice and
(c) e x p(-E/KT) where E ig the thermal energy supplied to bend the
diglocation segment to its limiting radiue of curvature, T is the absolute
temperature, and K the Boltzmann constant. Cottrell and Bilbyc.y, also
proposed that once the barrier ig surmounted, the loop will expand under the
applied stress and pull the remainder of ‘he dislocation from the anchorage by
an unzipping procesacs,. Hence, once the segment has surmounted its barrier,
the entire dislocation ig free to move.

A diglocetion may move by slip or conservative motion which ocourg on a
slip plane* and in a slip direction. It may also move by climb or
nonconservative motion, where the dislocation moves out of its glide surface
by the diffuston of vacancies to or from it, depending on which direstion the
diglocation climbs. n

Some of the vacancies are present before deformation oecurs and others are
generated during the deformation prpeess. Conmider the overgimplified case of
an edge dislocation line {n a crystal surpounded by a number of vacancies
(Figure 17a). The vertical row of atoms sbove the core is in compragdion, and
the aspace below ig in tension. The original position of the vavangy ia
designated by a +, and the sequence of atoms ag they wove into the vasaney
numbered 1-8 are ghown in black (Figure 17b). Vacanaies are not atationary in
the crystal lattice and if the temperature is satged, thepmal energy is
supplied, which the lattice vibraticne impart to one of the neighboring atous
g0 that it moves into the hole. Thus, the vacancy hag moved from ita origingl
position to the lattice mite vacated by atom 1. (Figura l%o). In doing se
the compresrive gtress sbove the core has baen reduced, loworing the enapgy of :
tha alloy. This reduction in gystem energy vontinues, (Figure 17¢ whows the i
gequence), as the vacancy moves toward the digiocation core where the mamimum
energy reduction ccours in position 8 of Figure 17b. The vacsnvy Bovaiend
into the dislovation core allowy the dislocation to move up one atomén =
position in the plane of the ovoss section. (Figure i7c), {1 an entire vow of
vacancies moved into the core in a line extsnding inte the paper, the edde
diglocation would move up one atomic poattion, because an ensive ron of 2088
way removed. Simllarly, 11 8 pow of atoms is introduced in Uhe spave jugt
below tha extra half plane, the diglocation line moves down one &ivn spaoing
in the apposite or negative dirscticn. L Ty o

¥ fhe plane is defined by the divlocation 1ine and the Buvgers veotor. .
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The additional row of atoms necessary for downward motion would be obtained
from the neighboring atoms in the immediate vicinity of the dislocation line,
8o that many vacant lattice sites would be created. Motion upward would, in
a #imilar manner, require the dispersion of extra atoms into the crystal
lattice. In either cage, the motion of an edge dislocation normal to ite slip
plane, is governed by the rate of diffusion of atoms away or toward the edge
of the extra half plane. Such a dislocation motion is called climb and occurs
at a much aslower rate than glide, unlesg the edge segment is very small or the
temperature is very high. Because vacancies are either created or annihilated
during climb, the total volume of the crystal is not conserved, and this type
of motion is called nonconservative.

S81ip in an ordinary ¢rystal is not confined to a single plane but, as
degcribed earlier, to a family of crystallographically equivalent planesg and a
family of crystallographic equivalent directions. Under these circumstances
it is very probable that two moving dislocationa intersect and produce a unit
gtep in each other. This unit step is called a jog. After interasection,
continued motion of one of the dislocations cen occur only 1i{! the jogged
gegment moves by climb while the other two segments on parallel planes remain
in their slip asyetem anc move congervatively. Here, the resistance to glide
motion does not come from the interaction of the moving dislocation with other
obgtacleas but from the retardation of the jog preduced by the intergection.
This type of motion is called "jog dragging’.

Now conaider a case where the critical distance between precipltates Qo
iu exceeded so that @ » Q. The dislocation line segment has anceaded its
limiting radius of curvature, and pasges betwesn precipitates in accordsnce
with Orowans criteria, leaving dislocation rings around each precipitate
(Figure 8). At temperatures exceeding 1/2 the melting temperature in coarse
grained alloys with large applied loadsgc¢s,, the Orowan rings will climb out of
their slip plane, and provide the rate determining process for deformidtioncs,.

Although the models presented above sre oversimplified, they repregent the
mechanigwe that contribute to high teumperature deformation of the alloy#, (at
T 3 1/2 T=¥*), by noncongervative dislocation motion within the grains.

This leade to a very important reasult:

A

v Tncons) 718 falls into this category in the nange 1000 - 1800°F.

## Ty 1g thoe temperature of solidification.
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Schematic illustration of the movement of a vacancy to

Figure 17 -

the core of a dislocation, cauging the diglocation to

Brooks, Heat

(Taken from C.K.

treatment, structure and properties of ronferrous alloys

climb by one atom position.
American Society for Metals (1882))
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The above high temperature deformation by nonconservative diglocation
motion, combined with coherent precipitate shearing at the same location
within a 4rain, servea as a mechanism for intragranular crack injtiation, at
stress concentrations such as & phase platelets or manufacturing defects.
Although this result does not explain the predominately intergranulap nature
of the crack propagation (presented in Section A), it allowa for the
possibility of intragranular crack initiation, followed by grain boundary
(intergranular) propagation.

In this section it was shown, that microstructural changes occur during
gervice that change the material properties of the alloy at specified elevated
temperatures. These property changes include: (a) Growth of precipitates,
(b) Allotropic transformation of +° --» &, (c) Thermal glide, (d) Dislocation
elimb, (e) Jog dragging, (f) Grain boundary deformation. These praperty
changes may either produce or eliminate the conditions for Noteh Induced
Microcrack Initiation, and are the factora that determine the ting-tewperature
linits of material serviceability. ' S
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G. THE TRANSFORMATION OF GAMMA DOUBLE PRIME TO DELTA

The allotropic change in the solid state:

v° (NisCb) --~--==--==- > & (NisCh) (1)
Body centered } Orthorhombic
Tetragonal

occurg in three structural formg:

1 - Platelets
2 - Cellular
3 - Globular

‘There have been no reports of cellular & in any commercial 7°
strengthened alloyci1a>c1s>.° Analysis of the transformation to globular & at
the grain boundaries of Inconel 718 depletes the yield strength of this alloy,
however, the reaction inhibits long range grain boundary sliding and is
therefore, advantageous. The cellular and globular forms of orthorhombic
NisCb will not be covered, but a model is presented to analyze the formation
of platelets, since the platelets form a geometric configuration that is
detrimental to the serviceability of the material.

There are imperfections that exist in a crystalline solid, which_ impart
properties to the material to determine its usefulneas for industrial
applications. These are: (1) point, (2) line and (3) surface defects. A
vacancy is an example of a point defect, a dislocation ia a line defect, and a
stacking fault is what ig known as a surface defect. It is the latter defect
that provides the condition for nucleating the v° -> & transformation.

A new phase .ay nucleate in a golid by: (1) A number of atoms find
themselves in a statistically favored equilibrium position to form a structure
that lowers the energy of the system at that temperature. One example of this
is the formation of ferrite from austenite iron as the temperature is lowered
quasi-statically from the austenite region to the transformation temperature.
Once a unit cell is formed, it will grow as a nucleus, and (2) A mechanical
change may occur in a solid where the material is displaced from its ordered
state. One example is the formation of a dislocation by a cutting
displacement and rebonding process within the metal, or by the operation of a
Frank-Read source. Another example of a mechanical displacement is the
disgociation of a perfect dislocation into two partials separated by a region
of stacking fault. Upon separation of a perfect dislocation into two partial
diglocations of like gigng, the partials exert repulsive forces on one
another, and the total elastic energy of a body containing two parallel
partial dislocations is reduced by their separation. However, as the partials
geparate, the width of the ribbon of stacking fault is increased with an
agssociated increase in energy. The resulting equilibrium distance between two
partials is determined by the conditions that the attractive force due to the
increase in stacking fault energy balances the mutual repulsion of the
partials. After digsociation, the energy of the extended dislocation,
including the newly formed stacking fault, is less than the energy of the
perfect dislocation. It is this gseparation of partials, which occurs as a
perfect diglocation diggociates, inside the body centered tetragonal «°
precipitate particle, which may be the nucleation site for the orthorhombic &
phage.

-
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Some of the most often made gtatements about Inconel 718 addreds
themselves to high temperature crack initiation and the v° ---> & phase
transformation: ‘At present no single mechanism or combination of mechanlams
have been put forth which explaing how these metallurgical variables interact
to control a metal's microfisauring ausceptibilityc.»," and, "I there any
crystallographic relationship between the 7" and & phages which atfecta the &
trangsformation.;e;.” Each of the above authors were gearching for a mechanism
or physical relationship that provides an in-depth solution to both problems.
The firet of these has already been analyzed earlier. An atomic medel will now
be preasented that poatulates the nucleation of & phase platelets within the «°
structure, and its subsequent depletion of %" precipitates. The two phenomena
will then be combined by introducing the proposed heat treat procedure, which
completely eliminates Notch Induced Microcrack Initiation and conaiderably
reduces the Widmangtidtten needles of the & phase (platelets).

Figure (18) shows a TEM micrograph of & thin film, where an i{ntragrenular
8 needle has grown through three deparate 7° platescie). The & phase
precipitates ag needleg or lathes along (111} family planes of the face
centered cubic ¢ matrir. Thig indicateg that the & needles either nucleated
at or grow preferentially through 7" platescies.

The nucleation of the § needleg appear to be connected with the ocaurrence
of gtacking faults which are frequently observed within +* platescier. Tha
body centered tetragonal +° atructure ig made up of oloza packed ordered
planag, gstacked in a gix layer gequence, ABCDEF AB U D EF. However, &y
a digleeation digsoclates, the digplacement due to the disseciation nay
produce a stacking fault, with the same nearest neighbor atom relac!unﬁhip Y]
the above v" structure, but with the stacking sequance altered from A BC DB
FABCDEF to ABCDEFABABCDETF. The four layers of atosw having
ABAS Ei&cking. make up the gtructure of the orthorhombic & phage. In other
words, the v° faults have the same gtructure ag the 3 nzodlescier and the
authors suggest ie, that & nucleation socura by the grawth of thage faults
into the matris forming ncedles which replace the v plates, and produte a ¥°
- free zone around the 3 ne¢dles. This depiatos the alloy of %hc ﬁsjur
havdening phase in Indonel 718:ys, 1er.

Figures (10} and (20) are optical micrographs teken fvom the QUP gegments
that were given the propoged heat treatment. KNote that tha g?!ﬁﬁit; of the 8
phaze axiats aas grain boundary globular &, while woat of the Widesnsigtien
needle structure has been eliminated. This is because thia golution. tra&tnaﬁt
ie applied for 10 houre at I700°F and isg su!ilcient to digsolva the
detrimental & platelets that trensformed from v° during bigh temperstups
derviee, The existing GE procedure BSOTSOBM, calls for 1 hour #oiuiion tise
at 1700°F which ig inadequs;e for diffusion of thQ pkstalats lnto iﬂlﬁﬁi&ﬁ.rlﬁﬁ‘

7w Sea Figure 3 for Geseral Blactilc progedure.
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Figure 18 - TEM micrograph of a thin film of a Ni - Fe - Cr - Cb alloy showing
a thin & needle normal to the foil surface, growing through three
7" plates. The lattice parameters of the & phase was determined
by electron diffraction to be: a =~ 5.11A, b ~ 4.25&A, ¢ ~ 4.56A
(Taken from Reference 186).
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H. CLOSURE '

This work has demonstrated the practical applications of dislocation
theory, which quantitatively relates atomic parameters to macroscopically
measured quantities, to evalyate atomic level microstructural changes that

eliminate Notch Induced Microcrack Initiation.

The concept of a dislocation wag firat introduced into elastic theory, in
the early 1900’'g by Volterra and by Timpecis>. In the early 1930's it was
observed experimentally that metallic crystals deformed at an order of
magnitude of 10 below the theoretically predicted strength. This phenomena
stimulated sufficient interest and concern in 1834, that three scientists:
G.1. Taylor, M. Polanyi and E. Orowan, working independently of each other,
postulated the existence of a line defect within the crystal lattice, whose
motion at low stress levels, permitted slip, the mechanism of plastic
deformation to occurcie>. This defect is called a dislocation. Asa the
dislocation line moved through the cryatal, bond breakage across the crystal
occurred consecutively, (as the line overcame the Peierls stress at each
atomic location), rather than simultaneously, as must be the case in a perfect
latticecaor. The dislocation concept was developed by Burgers, Mott, Nebarro,
Cottrell, Bilby and Stroh (1939-1952), at a time when no one had ever geen a -
dislocation, and it was considered by most ag a figment of the imagination,
that successfully explained most phenomena of mechanical properties, without
baving the capacity to quantitatively predict these properties. The problem’
lay in the fact that it was a very formidable task to relate quantities such-
as Burgers vector, lattice parameters, gtacking fault energy, and atomic
distance between precipitates, to macroscopically meagured quantities of
practical significance.

Dislocations were firat seen in the early fifties, by Hedges and Mitchell
in silver halide crystals, followed by transmission electron microascopy in
1956 by Hirsh, Horne, and Whelan and independently by Bollmancie,.

The first meaningful practical application occurred in 1962 when
D. Kuhlmann - Wilsdorf{ derived an expression that predicted the work hardening
coefficient for Stage II plastic deformation, in terms of basic atomic
parameters for pure F.C.C. metals¢z1,. She clarified some basic principles
and showed that the work hardening coefficient was ingensitive to many changes
in detailed dislocation behavior¢zi,. Bilby, Cottrell and Swindencaz, derived
an expression for a continuous distribution of dislocation as a function of
the shear crack displacement for an infinitec¢z2, and finitecaxz, plate. Here
the relative displacement #(c) divided by the Burgers vector b, gave the
number of diglocations within the plastic zone that broke away from their
barriers to produce the diaplacement @(c). Their results were quantitatively
related to acoustic emission counts, with Burgers vector b and dispersion size
Q, to solve for crack length¢s,, and thus develop a quantitative nondesgtruc-
tive testing method.

The present work presented heretofore has been one of the first applica-
tions, where diglocation theory was used to directly golve a reliability
problem in production. The dynamic reactions that occurred at the atomic
level, ag the parametera of digpersion size Q, Burgers vector b, particle
diameter d, related the theory of the flexibility of the dislocation line
gegment with the effect of the flow stress, to determine if the dislocation
will cut or pass between precipitates, in order to eliminate Notch Induced
Microcrack Initiation, and intimately effect the gerviceability of the final

part. .
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I. CONCLUSIONS

1. Notch Induced Microcrack Initiation is a primary cause of premature high
temperature crack initiation, occurring in Inconel 718 alloy. This shortens
the service life of engine components such as the TF39 compressor rear frame
and the F100 Augmentor shoulder pin. Laboratory tests on the proposed heat
treatment have proven to completely eliminate Notch Induced Microcrack
Initiation from thig alloy. This resulted in an increase of the service life,
and in an improved material.

2. The in-service transgformation from gamma double prime to delta platelets
in Inconel 718 lowers the yleld point strength by depleting the precipitate
and produces stress concentrations within the grains to adversely effect the
ductility and fracture characteristics of the alloy. A microstructural
analysis of a compressor rear frame heat treated by the proposed procedure,
ghows a substantial reduction of the delta phase, asz compared to the
microstructure shortly after removal from service, while the tensile strength
of the heat treated item remained within gpecification limits. ,

3. Notch Induced Microcrack Initiation is due to the way dislocations break
from their precipitate barriers in reference to a average critical distance
between the precipitategs. When the average distance between precipitates is
less than or equal to the critical distance, the dislocations will shear '
through the coherent particle, creating localized plastic deformation. When
thig is combined at identical locationg with high temperature creep

deformation a crack will nucleate prematurely. .

4. When the average digstance between precipitates is greater than the
critical distance, the diglocations will pass between the precipitates without
cracking them and Notch Induced Microcrack Initiation does not occur.

5. Decreaging the amount of precipitate in solid solution lowers the
precipitate size at the critical distance, but doesz not alter the critical
digtance itself, or its maximum yield point. -It is this critical distance
that must be exceeded in overaging spherical coherent precipitates, in order
that the dislocations pass between them.

6. The results of hardness testing are inadequate to accurateliy evaluate the
heat treatment of a precipitation hardened industrial alloy. Hardness testing
should be replaced by a static tensile or shear yield point test at the
gervice operating temperatures, combined with a calculation of the number of
atomic distances between precipitates.

7. For a material that operates at elevated temperatures, the reduction in
the maximum yield point strength with increasing temperature, in a
precipitation hardened alloy, is due to a reduced critical resolved shear
gtress, which ig caused by:

a. The critical distance between precipitates being exceeded by growth of
the particleg at the operating temperature.

b. The 7' --) & transfermation removing the strengthening mechanigm,
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c. Thermal fluctuations that provide additional energy to reduce the
ghear stress required for the dislocations to break from their barriers, and
for diffusion of vacancies to permit withirn grain deformation due to
noncongervative dislocation motien.

d. GQOrain boundary deformation due to creep.
8. Microgtructural changes occur during service that change the material
properties of Inconel 718 at elevated temperatures. These property changes
aay elther produce or eliminate the conditions for Notch Induced Microcrack
Initiation, and are the factors that determine the time-temperature limits of
material serviceability.
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