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life behavior of hot-forged superalloy 718 is assessed by local SN-curves using parameters like
fatigue limit st; slope kand number of cycles to fatigue limi{.N

To achieve the life time distribution tendency of the hot-forged part already at early design
stages by the use of simulation tools, the microstructural evolution is predicted numerically using
the model introduced by Stockinger et.al.. As extension to the introduced model both the mean
grain size and the grade of bimodality will be derived from the microstructural parameters
numerically using process dependent evolution of local forging parameters such as true strain,
grade of recrystallisation, change of mean grain size, etc.

Methodic Approach

To predict the local lifetime of a forged part, it is necessary to define meaningful interface
parameters between numerous disciplines. Figure 1 shows the global flowchart to establish a
closed simulation chain for hot-forged superalloy 718 parts.
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Figure 1. Flowchart of a holistic microstructural based fatigue approach for superalloy 718.
First; the forging process has to be set-up to fulfill the requirements of the customer like part
shape and average grain size at design stage. This can be done by using advanced simulation
tools like Deform® enhanced by extensive user-defined subroutines to predict the
microstructural evolution. Second; fatigue data covering a wide range of hot-forging process-
parameters deliver a multi-parametric fatigue matrix. As final third step; the two parameters e
and b are introduced to link both the complex results of hot-forging part simulation and
microstructural dependent local lifetime behavior. To explain the microstructural energy
parameter eand the factor of heterogeneityabshort summary of th®licroStructural Energy
Approach (“MSEA”) is given.
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MSEA Survey

The demand of simultaneously characterizing thengghape based microstructure of plane
metallographic sections possessing uniformly distad grains and bimodal microstructure can
not be reached by considering just the average Agidh size. The microstructural formation
which includes grain boundary morphology ardiphase behavior influences forged
superalloy 718 fatigue life in major ways [1-6]. éfbfore, a two-parametric alternative method
was developed in a previous work to gain additigmaln shape information [7].

A detailed particle-shape based examination wa®peed for each metallographic section. The
microstructure assessment embraces not only intaymabout the shape of the grains, but also
the amount of twins angélphase. From the images taken, grain boundaries tnensformed into
synthetic binary grains restraining carbides andnsw Figure 2 shows three different
metallographic sections with mean ASTM grain siz@sging fromG= 12.5 down toG = 7.5
but extreme differences in amount of as-large-a@ingund microstructural texture. The
evaluation of the mean grain size was done usinga®bs procedure for non-equiaxed
microstructures. A smaller grain size is represirig increase of the microstructural energy
parametee; whereas the presence of contorted large grainsdisated by a high factor of
heterogeneityp. The formation of such large grains can be drivgrsecondary grain growth for
instance [8].
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— Figure 2. Evaluation examples of hot-forged supeyal18 metalidgrra;)*hic sections.

The analyzed properties included planimetric messilike area, equivalent circle diameter as
well as advanced geometric properties like formidigelongation, convexity, outerior diameter,
interior extend and cord length. To achieve indegen grain-shape based geometric properties,
a true factor analysis was done. It transforms hesibly correlated grain properties like
diameter, convexity, shape factor and others ingetaof uncorrelated principal components
which are shown in the left subfigure of figures3spatial vectors.
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Figure 3: Spatial vector results based on graimpsiiactor analysis [9] (left);
Homologous model of interacting grains [7] (right).

Orientation e

Longest Chord Orié)

Component 3
o

753



Thus, an assignment by evaluation of principal congmt direction can be done. In addition, the
impact magnitude is reflected by the principal comgnt norm. Major independent properties
are therefore the length of the longest chord,attrentation vector and finally the shape of the
grain reflected by convexity and elongation.

Additionally, the relationships of the particularags are included, leading to an adjacency
matrix implemented as synthetic grain morphologie Tconnectivity and the particle-based
grain parameters allow the implementation of homois unit-cell models. The geometric
properties of individual, but adjacent linked gsgiare represented in the material property card
of the accordant beam element; see right subfiglifigure 3. Due to combining results of grain
morphology and individual grain-shape parameterghis way, loading the synthetic plane
model by unit displacement and evaluating the stemiergy distribution, a stiffness transfer-
function of unit-cells is achieved. Examining thanisfer function statistically by the use of finite
element beam models, the microstructure parametanslb are derived. The microstructural
energy is calculated by the average of the tranffection energy, whereas the factor of
heterogeneityp describes the function curve divergence. The wli@ermination process is
implemented as semi-automatic microstructural eatadn user-defined analysis® toolbox.
Because of the microstructural enesgig strongly controlled by the equivalent circlamieter,
the following equation defines the relation to &&TM grain numbet.

&(G) = A+ Be*°® (2)
Table I. Parameters to link microstructural enezgyd grain numbes exponential.
Al B[] C[]
0.1 0.014 0.706

The microstructural energy parametevaries in the range of aboft< e < 145 whereas the
corresponding grain size number is abdut G < 14. It has to be stated that the parametisr
sensitive to fine-grained microstructures and isdeemost suitable for hot-forging applications.

Experimental Work

Fatigue results, both of specimens taken out ofgakes and of aircraft part cut-ups, have been
used to define the interrelationship between hogifm process parameters and life time
behavior. The investigated fatigue specimen tas¢seut of pan-cakes ranges from alternating
stress condition with different stress gradients taptumescent testing with uniform stress
distribution. Due to the extensive hot-forging pFss parameter study the microstructure varies
in a broad range leading to significant deviatiegarding fatigue behavior.

For the establishment of a throughout fatigue @&ssest, it is necessary to choose a reference
value which is accessible both in regular shapedispen’s and complex forging parts. A stress
based local solution is achievable by using themstress and the corresponding stress gradient.
The evaluation of the executed test series is finerelone using the notch stress amplitude as
well as the corresponding stress ratio and thesigeadient. The normalized results in figure 4
are related to fatigue notch stress amplitude wfmeaterial at about one million cycles. Both
pictured S/N-curves show extreme different fatidiie behavior, varying slopes and scatter
bands. The S/N-curve shown in the right subfigufefigure 4 defines for instance the
optimization goal as maximum obtainable local fagigstress for the complex forged aircraft
part, especially at the alternating high-loadedames)
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Figure 4. Excerpt of SN-curve test results of salp@y 718 pan-cake specimens.

The test program implies smooth and notched spedrte characterize notch effects as fatigue
factorn. The fatigue facton, as dependency of the stress gradiens defined according to [10]
as exponential law using characteristic stressignadalues; for example in the case of fatigue
experiments ranging from tension-compression talingntests.
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The ratio between alternating bending strggs, and alternating tension-compression stRss
is material dependent and characterizes the supgatfect capability. The equivalent specimen
cross section diameter is defineddashe exponerkp is material dependent and defines the
slope of the exponential function. Due to the cleanfthe transition stress point as shown in
figure 4, a basic evaluation of the fatigue fact@s done in the fatigue region first. Table Il
shows the corresponding values for an evaluatiomt pd six hundred-thousands load cycles.

Table II. Fatigue parameters of superalloy 718gisistress gradient approach.
de,a/ Stc,a[‘] b [mm] Ko [']
1.15 7.5 0.17

As an additional challenge the influence of différdatigue test temperatures has to be
considered in the model ranging fr@@ up to650 °C It has to be stated that the bigger part of
data points are available at temperatures Ub@®°C

From all SN-curves specimens metallographic sestibave been taken with great care to
achieve microstructures representing the samplas. metallographic assessment was done
using the MSEA-approach. Figure 5 shows the compleangement of the microstructural
investigated specimens regarding fatigue and giatribution without microstructural based
arrangement.
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Figure 5. SN-fatigue scatter versus microstructgriading
(shown by change o& andb values concerning specimen evaluation up30 °Q.

To link microstructural and fatigue results it iscessary to use a parametric definition of the
SN-curve. Therefore, a two-slope model was chosenfdtigue assessment. The alternating
transition stressyt, the number of transition cyclég, slopesk; andk, as well as the scatter
band values have been determined as functions dfothicrostructural parameteesandb by
numerical variation. Figure 6 summarizes the depeay of the fatigue parametesg Nt andk;

as function of the microstructural style.
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Figure 6. Link between fatigue and microstructenadlution of superalloy 718 up b0 °C
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The presented relationship between SN-curve andostractural parameters was established by
empirical and variational calculus and finally ireplented as user-defined Matlab®-function. In
compiled mode, as an executable file, it can bdyemsplemented in finite element codes like
Deform® using their Fortran-interface.

Grouping the specimen data into microstructurastelts covering only a span between extreme
values, it is possible to visualize the shift oé tBN-curve as follows. Three subfigures in
figure 7 represent the microstructure cluster negiand their trend in fatigue. The plotted data is
based on specimen fatigue results and microstraictthraracterization using the introduced
MSEA-technique.
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The group classification indicates that an incrdasenodality improves the fatigue behavior
somewhat; as in the case of a fine grain seam wuwling an insular large one. Nevertheless;
extensive independent change of microstructurakggres influences the specimen lifetime
significantly. This impact of local different migtucture on fatigue is shown in figure 8
whereat the homogeneity of the fine grain structamd large grain amount is counteracting;
reflected by contrary change of parameters ahdb. In this special case, the difference in life
time can be extensive although the mean ASTM graimberG is at an equivalent level
according to the evaluation of standard interceptounting. To visualize the grain properties,
the equivalent circle diameter and the particleedatorm factor are sketched also within
figure 8. The equivalent circle diameter correlatethe grain size. The form factor describes the
deviation of the individual grain shape to the idggometric circle.
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By using the two parameteesandb, it is possible to quantitatively assess the nstratural
dependent fatigue behavior of forged superalloy. Mg ‘mapped’ SN-curve results exhibit a
dramatically reduced scatter band in comparisdahédraw’ input data; see Figure 5.

Model Enhancement

The numerically derived correlation between mianostural parameters andb and fatigue life

is validly extended to temperatures upi® °C Due to theg-abnormality, the yield strength
increases up to a temperature of al®i@ °C The fatigue strength in the long-life region is
higher than at elevated temperatures, which is marearkable at low stress levels close to the
fatigue limit [11]. Based on the fatigue parametersNt, k; - which describe the change of the
local SN-curve - a non-linear temperature influerscebtained. Life time results of specimens
taken out of forged aircraft cut-ups have been ipairsed to extend the database. The
microstructural assessment was carried out agang tise MSEA-approach. Therefore, only the
temperature influence has been added to the usieedéMatlab® function. The heading of the
implemented function is shown later on. The currarterface uses the following input
parameters do determine the endurable fatiguessitess forced number of load cycles. Output of
the function is the expected fatigue stress |&yel

S, =evalkik2sTNT_L334(N, e, b, Pf, T, R, chi)
N ... Numberof loadcycleq-]
e...Microstruduralenergyparametej-|
b...Factorof heterogeni¢y [-]

Pf ... Failureprobability [%]
T...Temperatw[°C]
R...Stresgatio [-]
chi...Stresgradien{mm™]

3)

If it is necessary to determine the endurable nurabkad cycles at a given local load situation;
defined by the stress amplitudg one can minimize the load cycle error by usinfyiaction
handle to the MSEA-fatigue function shown in equati3). The displayed pseudo code
complies with the Matlab syntax. The output herthescorresponding number of load cydias
at the specified local node-based load conditiandedined by stress amplitudg, stress rati&R

and stress gradiet.
N, = min_functionN@(x) abgevalklk2sTNT_ L334(x,e b, Pf, T,R,chi)- s,)) (4)

The application of the MSEA-fatigue function proegda parametric link between microstructure

and life time; see mark five in figure 1. To digpkhe developed relationship in an abbreviated
and compact form, the MSEA-function predicted stragplitude is sketched over the fatigue

test results. The match of predicted fatigue stiestiown graphically; arranged by temperature
classes. All investigated specimens — both from-qakes and cut-ups — have been taken into
account. The used forged components cover bothtstal aircraft parts and turbine disks. The

experimental fatigue stress is drawn on the axi® predicted stress values using the MSEA-
fatigue function are plotted on the ordinates gtife 9 to figure 11.
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Although at times, huge differences exist betwernigted and tested lifetime; the general trend
between MSEA-based prediction and tested fatigligesaare acceptable for the basic approach
presented here. The class dependent deviationbe@xplained on one hand by the ‘limited’
number of fatigue test cycles as well as the daptiesence of low-cycle-fatigue specimens with
high plastic content. On the other hand, the pmsidof the evaluated metallographic sections
does not match entirely with the specimen arrangenmethe case of huge and complex forged
cut-ups. Finally, the experimental work has beemedat different test laboratory sites which also
influence these results.
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Figure 9. Match of predicted and tested fatiguealvadr (test condition &0 °Cand150 °Q

The predicted and tested life time matches withfigaht accuracy under test conditions
below150 °C The mean trend is confirmed in both simulatiod #ast. The specimen taken out
of raw material are labeled RM, FC denotes specimiém specific forging condition in the left
subfigure of figure 9.
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The specimens taken out of forged aircraft comptnand turbine disks are for instance labeled
as 70FP1, which corresponds in this case to tespdeature of seventy Fahrenheit and part
number one respectively. The subsequent legendigure 9 to figure 11 are concatenated as
character strings containing the test temperatudeaa ongoing index.

At temperatures betwe@&00 °Cand500 °CG a quite huge scatter band is observed. This ean b
caused by the quite high local plastic strain gradat several specimen positions from different
cut-ups. This leads to major variation in grairtrisition at the ‘single’ metallographic sections
investigated. Both, the lack of statistical assesgnn case of the existence of a single piece of
metallographic section and, the tendency of evatubf plastic strain due to differences in the
location from where the specimen was taken fromlccdae responsible for the measured

deviations.
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Finally, tests at temperatures ab®@® °C contain a quite high plastic strain at cyclic sest
which make it especially difficult to assess a rogtress range. Therefore, the stress amplitude
of these tests was assessed:#.N'his procedure is in accordance when evaludongcycle
fatigue testsAdditionally, a mismatching of the predicted valumsnpared to tested life time
may be caused by the occurrence of run-throughirspes at stress regions close to the
endurance limit. Nevertheless, the basic MSEA-aggitantroduced here can be used to predict
stress controlled life time based on the metallplgia characterization using both the
microstructural energy parameteand the factor of heterogeneliyn the entire range.

Closed Simulation Chain

An overview over the currently used simulation s is given in figure 12. The flowchart is

structured into different program modules whichf@en user-specific tasks. The metal forming
simulation tool Deform® currently defines the basidtware. Substantial extensions with regard
of grain growth evolution were added as Fortranreutines to implement the microstructural

model introduced by Stockinger [12, 13]. This definthe simulation background for the

following extensions.
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Figure 12. Flowchart of closed simulation chairtdeag MSEA-interface values.

Firstly, the simulated microstructure has to berabi@rized using the MSEA-valuesandb
without the existence of a plane metallographictisecto evaluate. The simple exponential
equation (1) introduced earlier defines a relabetween microstructural energy parametand
mean grain size numb&,, After some iteration work it was found that itnecessary to alter
the basic relation by a function involving the axan of recrystallisation grade and plastic
strain. Thus, the corrected microstructural eng@@ameter is achieved purely by simulation.

&(G..)
L (X(®)./ V)

s (5)
&1 RV
=C /= N1- i
f, 8\/T jdl XJ) dt +C,

€ (Gag X(1),/ (1) =

9
2

Furthermore, the corrected factor of heterogereitymust be also derived from the
microstructural simulation process parameters. Qisly, local recrystallisation behavior
influences the occurrence of coarse grain strustanel hence, has to be taken into consideration.
In addition, the simulation step based growth ralgrain size also influences the bimodality.

- ©®)
f,(DD(t)) = /? ("jI)Dj (t)dt

These initial empirical findings are employed far abstract axisymmetrical hot-forged spool
made of superalloy 718. The Deform® calculatiorasried out as two-dimensional simulation
run. The expansion of microstructural propertiesulgh equation (5) and equation (6) leads
toe andb’. At the development stage of the closed simulatibain, the user-operated data
transfer to gain the corrected microstructural peaters was achieved by tracking individual
points manually. The results presented show a eadaepping of about35 points, which will be
automated by calling appropriate subroutines inrntbar future. Thereby, MSEA-fatigue results
with finer resolution could be achieved without aidaal effort.
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Figure 13. Correlation between grain szand microstructural energy at simulation stage.

The corrected microstructural enemymaps ttle simulated grain size with sufficient aacy.
Further on, the obtained factor of heterogenkeitis shown below for this simulation run.

Figure 14. Context of grain sif@and factor of heterogeneiby at simulation stage.

The distribution of the simulated parameters hasnbeerified by comparison with the

metallographic sections machined out of cut-updedined positions. The mean ASTM grain
sizeG defines the common variable to compare the expmarially ascertained and the simulated
microstructural values.

By comparing figure 13 and figure 14 it is cleavigible that the distribution &8 andb’ is not
similar. As stated earlier, both the microstrudtyrarameters have to be considered for the
fatigue life assessment. Figure 15 shows the asdediernating fatigue life time sustaining at
least three million load cycles both graphicallyddoy node-path driven evaluation in radial
direction of the forged spool.
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Figure 15. Simulated fatigue stre4$Q °Q and path distribution at fatigue regid, = 3e5H

The reduction in fatigue stress at the high-cycldueance region is caused by the decrease in
slope of the local SN-curves. The node-path in g6 shows the difference between the
finite-life-fatigue and the high-cycle-fatigue regifor this specific hot-forging process using the

presented closed simulation loop.
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Figure 16. Simulated fatigue stred$Q °Q and path distribution at endurance regiNp £ 3e7)

With the help of the microstructural parametendb it is possible to enhance and extend the
microstructural model to local fatigue parameters & the end into the global design chain.
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Conclusion

The microstructural energy approach introduced kepports an alternative description of the
microstructure.

Firstly, the microstructural energy parameteorrelates to the ASTM grain sige

Second, the factor of heterogenditgharacterizes the amount of both non-equiaxediange-
sized grains in a unique manner without additi@mellysis work.

It is therefore possible to basically relate thecnmstructure to life time behavior. This was
achieved by systematic evaluation of numerous datigsts carried out at ambient and elevated
temperatures and the evaluation of the correspgnatietallographic sections. Furthermore, by
expansion of the microstructural model introducgdSbockinger with basic numerical findings,
corrected values @ andb can be achieved also at simulation stage.

Finally, the entire hot-forging development procesduding a rough assessment of the local
fatigue behavior has been depicted here and caddgted to aircraft customer superalloy 718
parts on demand.
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