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Abstract: Alloy 718 for forged parts can form a wide range of microstructures through a variety of
thermo-mechanical processes, depending on the number of remelting processes, temperature and
holding time of homogenization annealing, cogging and the number of forging steps depending on
the forming characteristics. In industrial practice, these processing steps are tailored to achieve specific
mechanical and microstructural properties in the final product. In the present work, we investigate
the dependence of the threshold of stress intensity factor range AKy, on associated microstructural
elements, namely grain size and distribution. For this purpose, a series of tests with different starting
microstructures were performed at the falling stress intensity factor range, AK, and a load ratio of
R = 0.1 to evaluate the different threshold values. Fracture initiation and crack propagation were
analyzed afterward using scanning electron microscopy of the resulting fracture surfaces. In order to
obtain comparable initial conditions, all specimens were brought to the same strength level by means
of a two-stage aging heat treatment. In the future, this knowledge shall be used in the context of
simulation-aided product development for estimating local fatigue crack propagation properties of
simulated microstructures obtained from forging and heat treatment modeling.

Keywords: alloy 718; threshold value; threshold of stress intensity factor range; fracture surface;
microstructure

1. Introduction

For structural components in the aircraft industry made of alloy 718, which are manu-
factured via cast and wrought routes, there are high demands on mechanical properties,
especially on fatigue crack resistance and fracture toughness. In addition to the charac-
terization of mechanical properties, the microstructural influence on fatigue crack growth
and on fracture mechanical parameters ought to be well known. Although components
from production routes such as selective laser melting [1-4] or electron beam melting [5]
exhibit significantly lower fatigue crack growth threshold and lower fracture toughness,
a production route with polycrystalline microstructures using a forging or thermomechani-
cal forming process [6-8] show improved parameters and are more suitable for components
subjected to fatigue loading. Through thermomechanical processing, the microstructure of
alloy 718 with low stacking fault energy and pronounced recrystallization behavior [9-12],
which is typical for nickel-based superalloys, can be specifically adjusted. In this work, the
influence of the microstructural constituents such as the grain size [13-15], as large as (ALA)
grains, yield and ultimate tensile strength of the heat-treated state on the threshold of stress
intensity factor range (AKy,) have been characterized. For this purpose, high-resolution
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SEM images of the fracture surfaces of different initial states with specific microstruc-
tural parameters have been performed and considered in detail in the results. From these
findings, a tentative phenomenological model for the dependence of the fatigue crack prop-
agation properties on the microstructural and strength parameters is derived. In addition,
the exposed fracture surfaces in the transition area from the long crack fatigue regime are
compared to the surfaces of the residual ligament and the fracture toughness samples with
the same microstructure.

2. Materials and Methods

For the series of experiments and differentiation of the individual microstructural
elements, the used material was chosen from the same manufacturer and adjusted to
representative extreme cases in forging production by means of variation in the process
route and grain sizes. In order to maintain comparability within the test series, all samples
were adjusted to a similar strength level by means of two-stage aging heat treatments; at
least three experiments with the same microstructure were conducted.

2.1. Materials

The initially cast and wrought polycrystalline material made of alloy 718 was processed
into four different microstructural states in terms of grain size, ALA grains, precipitates
and strength by means of targeted thermomechanical processing. A difference in adjustable
grain size is shown in Figure 1. The difference in equivalent circle diameter (ECD) is already
well apparent from the figure and is quantified in Table 1. Further key parameters such
as yield strength, tensile strength and fracture toughness in the same direction of crack
propagation are also represented in the table and are the average of three measurements
of the same material (Tensile test: ASTM ES8 [16]; Fracture toughness: ASTM E399 [17]).
Material A, B and C are double melted (Vacuum Induction Melted + Vacuum Arc Remelted)
initial materials, whereas Material D was triple melted (Vacuum Induction Melted + Electro
Slag Remelted + Vacuum Arc Remelted). This difference should help to adjust the size
variation of the precipitates in terms of the niobium and titanium precipitates and affecting
in this way the AKy,. The difference between Material A and B is used to study the grain
size influence at the same strength level, whereas Material B further has a broader range of
grain size distribution (heterogeneities) and a varying unknown amount of plastification
due to the processing and position of the sample from a forged billet. Differences between
Material B and C shall show the effect on AKy, at the same grain size with slight variation in
strength; Material D represents the smallest grain size with the highest obtainable strength
during the forging process for aircraft parts.

Figure 1. Electron backscatter diffraction (EBSD) grain maps with inverse pole figure (IPF) coloring
and removed twins: (a) Material A: coarse microstructure; (b) Material B: fine microstructure.
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Table 1. Microstructural constituents and mechanical properties from all tested materials.

ECD ALA R UTS K

: p0.2 IC . qe
Material [um] [um] [MPal [MPal [MPa,/m] Validity
Material A 11.83 36.20 1237 1432 128 not valid
Material B 9.29 28.66 1274 1466 128 not valid
Material C 9.99 29.48 1174 1469 116 not valid
Material D 7.67 21.97 1390 1530 107 valid

2.2. Experiments

The experiments for determining the fatigue crack growth threshold AKy, by using
the continuous load shedding (K-decreasing) procedure [18] were conducted in an air-
conditioned testing room with a room temperature of 22 £ 2 °C and relative humidity
of 49 & 3%. The used sample size was 100 mm x 20 mm x 6 mm with a radial crack
propagation direction; this is the same direction as for the specimens from which the
fracture toughness values in Table 1 had been obtained. By controlling temperature and
humidity, it is ensured that any observed variation in the experimental results is not due to
a variation in the environmental conditions. The experiments were performed at a resonant
testing rig (Rumul Testronic 150 kN, Russenberger Priifmaschinen AG, Neuhausen am
Rheinfall, Switzerland) at a frequency of ~90 Hz by using an eight-point bending mount.
The crack growth was measured using the direct current potential drop (DCPD: Matelect
Crack Growth Monitor DCM-2, Matelect LTD, Newdigate road, UK) technique.

To exclude effects from manufacturing and to avoid short crack effects, the load
shedding tests were started after a total crack length of a = 6.5 mm was reached by keeping
AK constant and somewhat lower than the AK value used for starting the subsequent load
shedding experiment. The load shedding tests were conducted by using an automatized
AK-decreasing procedure with a normalized stress intensity factor gradient of —0.04 mm ™!
and a crack extension increment of Aa = 50 pm. The stress intensity factor K was calculated
from force and crack length according to ISO 12108 [19].

3. Results

In the following subsections, the results of the load shedding experiments are consid-
ered separately for each material, and the result plots are presented. Afterward, the factors
influencing the threshold value and the crack propagation are compared with each other
and analyzed on the basis of the corresponding fracture surfaces. The specimen geometry
and the driving mode of the experiment also allowed conclusions to be drawn about the
Paris region of the long crack.

3.1. Threshold of Stress Intensity Factor Range for Fatigue Growth

The threshold values were determined by the falling mode of the tests (K-decreasing)
and the respective resulting parameter of each material is represented in Table 2. In addition,
the beginning of the Paris regime (transition from I to II, [6]) was recorded during the
experimental procedure; the constants of the Paris law (Equation (1)) were also determined
for each material and their results are also given in the table.

m

da/dN AK
_GA/AN o 2 1
[mm/cyc] [MPa \/m} ( )

Note that this is a quantity equation, with AK to be inserted in units of [MPa/m] and
da/dN in units of [mm/cyc]. Accordingly, the parameters of this equation, viz. C and m,
are dimensionless.
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Table 2. Summarized results for the fatigue crack growth threshold stress intensity factor range AKy,
and the parameters C and m describing fatigue crack growth in the early Paris regime.

. AKy, C m
Material [MPay/m] [ -]
Material A #1 8.13 741 x 10714 6.91
Material A #2 7.90 120 x 10°13 6.77
Material A #3 8.23 8.91 x 10714 6.94
Material B #1 7.96 6.92 x 10714 6.96
Material B #2 7.75 9.55 x 10714 6.90
Material B #3 751 1.29 x 10712 6.13
Material B #4 7.00 2.69 x 10712 5.92
Material C #1 7.71 3.89 x 10716 9.59
Material C #2 7.47 851 x 10715 8.25
Material C #3 7.64 513 x 10715 8.37
Material D #1 7.00 2.75 x 10713 7.11
Material D #2 7.50 407 x 10715 8.81
Material D #3 6.99 224 x 10714 8.13
Material D #4 6.84 2.75 x 10716 9.96
Material D #5 7.33 490 x 10716 9.87

3.1.1. Material A

The first displayed and evaluated Material A represents the reference for the present
investigations. This material had the coarsest microstructure (highest ECD) and also the
largest ALA grains. The curves (Figure 2) nearly coincide in the initial part of the linear
(Paris) regime and all have a threshold value AKy, between 7.90 and 8.23 MPa,/m.

107 5
T
[5) h
2 1
o |
©
= ]
Q 7
T 107 o
e ] :
E ] a .
Z !
% | ‘ | Material A #1
= Material A#2
o 106‘5 """""""""""""""" G S < Material A#3
| 1
[ ]
1 : : i H
10° ! i : !
6 7 8 9 10 11
AK [MPavym]

Figure 2. Fatigue crack growth curves for Material A; ECD: 11.83 mm; ALA: 36.20 mm; UTS:
1432 MPa; Kjc: 128 MPa,/m—not valid.
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3.1.2. Material B

In comparison, Material B shows a significantly larger scatter of the measured curves.
This scatter is likely to be linked to plastification due to the processing of the specimens
during the adjustment of the microstructure and possible local fluctuations. Material
B had a significantly lower ECD at the same strength as Material A, but the grain size
distribution was significantly more inhomogeneous. The scatter of the curves (Figure 3)
already indicates the influence of these elements and is discussed in detail in the chapter
fractography. The AKy, varies here between 7.0 and 8.0 MPa/m.

107 3
o 1003
3]
>
(3]
o
©
2 7
—— -10‘ <A - S
e
E,
= ;
-.-g * Material B #1
* +| Material B#2
T 10° g T e  Material B#5
] i * Material B #4
!
i
10 T T - T
6 7 8 9 10 11
AK [MPavm]

Figure 3. Fatigue crack growth curves for Material B; ECD: 9.29 mm; ALA: 28.66 mm; UTS: 1466 MPa;
Kjc: 128 MPa/m—not valid.

3.1.3. Material C

Another state is represented by Material C, in which the microstructure is similarly
fine to that of Material B, but much more homogeneous and, due to different distribution
and quantity of precipitates, somewhat lower in absolute strength; therefore, the curves
of these samples in Figure 4 are again more similar to each other. The abrupt end in
the threshold regime has experimental reasons due to the sample geometry and a small
remaining ligament with a high particle density. This higher density, combined with the
size of the precipitates in Material C, led to an abrupt final rupture so that no measurement
points below 4 x 107 mm/cyc could be recorded.

3.1.4. Material D

The lowest threshold was consistently provided by Material D, which was defined
by the lowest ECD and the highest strength. After comparison with the literature [14],
this behavior is explainable by roughness-induced crack closure. The curves shown in
Figure 5 nearly coincide with the Paris regime; however, there is a noticeable scatter range
for AKy, between 6.8 and 7.5 MPa,/m. For a more precise description of the influence of
the constituents from the microstructure, an evaluation of the results based on the fracture
surfaces is also necessary.
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Figure 4. Fatigue crack growth curves for Material C; ECD: 9.99 mm; ALA: 29.48 mm; UTS: 1469 MPa;
Kic: 116 MPa/m—not valid.
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Figure 5. Fatigue crack growth curves for Material D; ECD: 7.67 mm; ALA: 21.97 mm; UTS: 1530 MPa;
Kic: 107 MPay/m—valid.
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Material A

Material B

3.2. Fractography

In order to link the differences in the previous results to microstructural elements, the
fracture surfaces were investigated with respect to the propagation of the fatigue crack.
The fractographic investigations were performed with a scanning electron microscope
from TESCAN (MAGNA) using an accelerating voltage of 15 kV and a secondary electron
detector. First, Figure 6 shows the overview of the entire samples of Material A compared to
Material B with the lowest measured threshold value of this series. The length of the crack
surface of the long crack and the shortness of the overload fracture surface, determined by
the position of the transition marked in the figures, indicate a microstructure effect on the
threshold value since both materials have the same strength and fracture toughness, but
with different grain size (ECD and ALA).

Figure 6. Overview images of the fatigue crack surfaces (20 mm x 6 mm) from the notch to the
transition into final fracture: (a) Material A: coarse microstructure; (b) Material B: fine microstructure.

The marked areas in Figure 6 are pointed out at higher magnification in Figure 7.
Based on the declared position of the crack propagation of the sample (notch—0%, center—
50% and transition—100%), this progress can be assigned to the decreasing progress of
AK (Figure 3 for Material A and Figure 4 for Material B). In the complete regime of crack
growth with generally low AK throughout the test, roughness-induced crack closure is
dominant, which can be deduced from the appearance of the fracture surface. In addition,
no other components of the microstructure (carbides, nitrides or delta phase) were exposed
or detectable in higher amounts in the region from the specimen’s notch, center and the
beginning of the transition. In the area of the transition to the final fracture (rupture), the
first particles are exposed in Material B and indicate a change of the fracture mode from
fatigue to rupture.
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Center

Iiton

Trans

Figure 7. Comparison of fracture surfaces with comparable AK at the notch, center and transition
area of Material A and Material B.

Due to the large variation within the series of Material B, additional experiments
were carried out with load-increasing crack growth with the same R-value to analyze the
differences in the threshold regime as well as in the early Paris regime. Since the ECD only
reflects the mean grain diameter of a measured representative area but not its distribution,
individual ALA grains are not reflected by this quantity. Figure 8 shows the impact of
ALA grains on the roughness of the fracture surface and thus on the crack propagation
and explains the differences in the curves in Figure 3. Furthermore, due to the process
route of the corresponding pre-material billet involving cogging, a varying degree of plastic
deformation, i.e., cold work, is present in the samples, which is an additional reason for
the scatter of the measured curves. This cannot be investigated in detail by the applied
methods but is considered in the threshold determination.

3.3. Fracture Toughness

In order to compare the threshold values and crack propagation behavior with fracture
toughness Kjc, a comparative test series was carried out for Material B (same initial condi-
tion and same crack propagation direction). Results show a completely different picture
in terms of the fracture surfaces, where mainly clusters of carbides are exposed, which
are clearly the decisive microstructural feature for Kjc. Figure 9a provides an overview of
a characteristic fracture surface, while (b) shows in detail the band structure of the particles,
which is determined by the material flow during the melting process and subsequent
thermomechanical treatment where the microstructure is finally set.
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{ R4

Figure 8. Grain size inhomogeneity of Material B from crack propagation samples with increasing
AK: R =0.1; (a) coarse area—ALA grains, (b) homogeneous fine microstructure.

Figure 9. Fractography of a CT specimen for fracture toughness testing of Material B: (a) overview
of complete fracture sample; (b) detailed view showing the orientation of niobium carbides on the
fracture surface in the transition area of the pre-crack to the overload fracture surface.
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3.4. Modelling Approach

To derive the microstructure—property relations, the data from Tables 1 and 2 are
merged and subjected to an exploratory data analysis. This analysis will serve for knowl-
edge discovery, i.e., for identifying relevant correlations between the various microstruc-
tural, strength and crack growth parameters. Given the fact that, except for the dependence
of the intrinsic threshold contribution on Young’s modulus, so far, no physically based
quantitative relations between the fatigue crack growth properties and microstructural and
strength properties exist (cf. [18]), this pragmatic approach seems justifiable. Although
it is phenomenological in nature, it might well prove useful for mechanical design pur-
poses. A similar approach has been followed by Ashby in his classical work on materials
selection in mechanical design [20]; in contrast to Ashby, who gives comparisons across
various material classes, we limit ourselves here to different treatments of a single alloy,
viz. alloy 718.

Regarding the kinetics of fatigue crack propagation, the well-known correlation be-
tween log C and m [20] is observed also in the present data set, see Figure 10. Note,
however, that the values for m and C are exceptionally high and low, respectively. This is
due to the fact that the load shedding experiments have concentrated on the near-threshold
region and have started only in the very early linear (Paris) regime; keeping in mind the
S-shape of the da/dN vs. AK curve, it is easily reasoned that the slope in the very early
Paris regime is higher than in the center of that regime.

—
— -
1

0 Matenal A
* # Material B
~ % o Material C
T 4 Material D
©)
O O
o
[s]
2 g |
T
w
<
w
<
T T T T T
6 7 8 9 10

m

Figure 10. Linear correlation between the parameters log C and m describing the kinetics of fatigue
crack growth; the samples from the plastically deformed Material B are marked by asterisks.

Proceeding to the microstructure-property relations, it turns out that ECD, ALA and
UTS are nearly linearly correlated. This means that each of the two microstructural proper-
ties ECD and ALA, as well as the mechanical property UTS, will give similar performance
as an explanatory variable for the fracture mechanical properties AKy,, log C, m, and Kjc.
So, Rpo.2 is the only remaining mechanical property possibly adding explanatory value;
however, no strong correlation between Ry,0» and any of the other properties is observed;
therefore, we choose, in what follows, the variables from ECD, ALA and UTS that correlate
best with the respective fracture mechanical property of interest.

As can be seen from Figure 11a,b, AKy, exhibits a marked negative correlation with
UTS and a positive correlation with ALA. As the threshold increases, its scatter decreases
somewhat. A notable exception is Material B (indicated by triangles in the diagrams),
which shows very high scatter; as mentioned above, this may be due to locally varying
plastic deformation.
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Figure 11. Linear correlations between (a) the mechanical parameter UTS and the fracture mechanical
parameter AKy,, (b) the microstructural parameter ALA and the fracture mechanical parameter AKy,;
the samples from the plastically deformed Material B are marked by asterisks.

In this context, it is of interest to note that there is a marked positive linear correlation
between ALA and K¢ for Materials A, C and D, which are produced via the standard
route, see Figure 12; however, Kjc is much higher for the plastically deformed Material B
compared to Material C, which has nearly the same ALA.

Finally, the Paris exponent m describing fatigue crack growth kinetics does not show
any significant correlation with the microstructural and mechanical properties; see Figure 13
as an example plot of m vs. ALA; however, the scatter of m decreases with increasing ALA

(and ECD) and decreasing UTS, respectively.
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Figure 12. Linear correlation between the microstructural parameter ALA and the fracture mechanical
parameter K¢ for materials produced via the standard route; the sample from the plastically deformed
Material B is marked by an asterisk and does not follow this correlation.
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Figure 13. No clear correlation is observed between the microstructural parameter ALA and fatigue
crack growth kinetics parameter m.

4. Discussion

By investigating four batches with different microstructural parameters, we sought
to identify the relevant microstructural parameters influencing the fatigue crack growth
parameters. Lacking physically based quantitative relations between the fatigue crack
growth properties and microstructural and strength properties, a phenomenological ap-
proach has been pursued. First promising correlations between grain size, tensile strength
and threshold have been observed in this first test series on wrought alloy 718. Given the
still very limited amount of data and their scatter, these linear correlations may serve as a
valuable first step towards modeling the influence of microstructure and strength on the
fatigue crack growth properties of alloy 718.

Specifically, the difference in the mode of crack propagation between fatigue and
fracture toughness testing could be shown by a thorough analysis of the fracture surfaces.
The fractography confirms the hypothesis of grain size dependence of the threshold, which
may be attributed to the mechanism of roughness-induced crack closure.
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Clearly, further evaluations need to be supplemented in the future in order to distin-
guish between the influences of grain size, size distribution of y' and y” precipitates and 5
phase and contents of alloying elements influencing solid solution hardening on the fatigue
crack growth properties, as it has been shown for the static strength in [21]; however, it
will be hardly possible to derive an experimental design controlling all those parameters.
Rather, it should be sought to build a database covering a large variety of different batches,
and therefore different parameter combinations, and then to extract statistically relevant
correlations in an attempt at knowledge discovery. In the next step, this may serve as
useful phenomenological input for developing a physically based theory of microstructural
influences on the threshold behavior.

In addition, a description of the mean stress influence (load ratio), as well as higher AK
loads for a better description of the Paris regime (C and m), might be of interest; however,
since the Paris regime is not of high relevance for typical rotating machinery applications
of forged alloy 718, efforts should rather concentrate on the threshold behavior. The load
ratio, on the other hand, is important for modeling the residual stress influence; for the
specimens investigated in the present work, the residual stresses are negligible due to the
small specimen size [22].

5. Conclusions

From a series of experiments with material batches of different grain sizes and produc-
tion routes, we have shown that the threshold value AKy, depends only on the grain size.
This means that AKy, is mainly governed by roughness-induced crack closure.

Furthermore, marked negative correlations between grain size and UTS and hence
also between UTS and AKy, are observed. Interestingly, the plastically deformed material
batch follows the same correlation, i.e., added plastic deformation does—other than adding
notable scatter—not influence UTS and AKy,.

In contrast, plastic deformation seems to influence the fracture toughness Kjc advan-
tageously. It remains to be further investigated how this finding can be related to our
fractographic observations, viz., that fracture is driven by the density of second phase
particles, whereas fatigue crack growth is largely independent of these particles. More
specifically, not a single precipitate (carbides and nitrides) was exposed and no d-phase
was seen on the fracture surfaces of samples from threshold tests. The opposite is true for
the samples from fracture toughness tests, where the particles are predominantly visible on
the fracture surface and thus appear to control the fracture.

While the present work offers first interesting insights into the microstructure-property
relations of alloy 718, further in-depth research is clearly needed; an outline of a possible
methodological approach for knowledge discovery towards the development of a complete
set of microstructure—property relations for the fatigue crack growth behavior of this
superalloy has been given.
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