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Role of Microstructure on Fatigue Durability of Aluminum Aircraft AlloysI ONR Contract No. F33615-92-C-5915a
I 1. Executive Summary

The goal of this program is to affect change in metallic aircraft life assessment methodology

through quantitative understanding of how material microstructure impacts fatigue
durability performance. Various studies have shown that most metal cracking problems1i encountered in service involve fatigue. Further studies have shown that metallurgical

discontinuities and/or manufacturing imperfections often tend to exacerbate such problems

by causing cracks to occur sooner than expected. This program concentrates on the

initiation and early growth stage of fatigue cracks where the majority of structural life is

spent. The program has two general objectives: (1) quantifying effect of aluminum alloy

microstructure on early stage fatigue damage evolution and ,rowth, and (2) establishing an
analytical framework to quantify structural component life benefits attainable through
modification of intrinsic material inicrostructure. The modeling approach taken couples
quantitative characterizations of representative material microstructures with concepts of

probabilistic fracture mechanics.

Historical fatigue data from Alcoa commercially produced 7050-T7451 plate materials of

varying pedigrees is being used to establish a foundation for the subsequent analytical
developments. Alloy 7050 is widely used in modem Navy aircraft because of its good
balance of strength, toughness and corrosion resisting properties. Additional experimental

derivatives of alloy 7050, along with microstructural variants of Al-Li alloy 8090 plate,I have also been fabricated and are being examined to broaden the study to include a range of

microstructural features which could potentially impact fatigue durability. The technical

approach taken in this work is to first quantify the population of crack initiating

microstructural features (the extreme value distribution) either analytically or via post test

examination, and second to establish fracture mechanics based protocols enabling

correlation of these features with coupon fatigue lifetime distributions. The third step will 1 For
be to establish methods of scaling the distribution of material microstructural features from . r

random plane microstructural characterization to predict the extreme value distribution of ,

microstructural features (the weak links) causing failure. The final and ultimate goal is to

Sdevelop modeling capabilities that enable probabilistic component life assessments to be
made from the distribution statistics obtained by microstructure characterization. This .1S C;/i : ;iltv Codes
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I modeling approach would offer a simpler alternative to expensive fatigue test programs

involving large numbers of structural element tests. It would also provide a way to£ interactively adapt life-cycle analyses into design and problem solving processes.

The current program status is that historical Alcoa fatigue data on alloy 7050 has been

assimilated and reviewed. Random cross-sections and specimen fractures have now been
obtained and analyzed for the 7050 alloy variants. Models have been synthesized and are

being evaluated against the available data. The 8090 modeling work is scheduled to follow
that provided by the 7050 experience. To date, two of the three proposed 8090 variants3have been fabricated, and the material characterization is underway.

The microstructural variants of alloys 7050 and 8090 in concert with the models in

developm.nz: provide an opportunity to study how changes in microstructure affect lifetimes
of structural components. The examination of failed specimens from the variations of the
materials employed has identified a hierarchy of microstructural features that are important.

In smooth and open hole coupon fatigue tests of the 7050 alloy variants, pores, particles,
and grain structure were the features found to exert greatest influence on fatigue

performance, generally in that order. However, it was shown that relative magnitude (and
even order) of importance within the metallurgical feature hierarchy can shift as conditions

of the test (e.g., notch stress concentration and applied loadings) change. Analytical
models incorporating microstructural information have been used to explain these effects,
and life predictions incorporating these concepts have been shown to correlate well with
fatigue results from both smooth and open hole test specimens. The models considered3 employ fracture mechanics concepts so they can be readily extended to design practice.
Existing probabilistic models for the crack growth portion of total life are being used, and
an initiation model is being adapted to the predictive scheme. With these models in place a
variety of fatigue evaluation scenarios can then be considered.

* A vision has been established for exploiting results of this program as a building step

towards a material's oriented approach to durability design. Once the microstructural
features affecting fatigue have been identified, it follows that life improvement and
consistency of performance should be achievable through optimization of material
microstructure. A key goal within this program is to illustrate how improved materials

should be characterized for use. Potential examples are being developed to show how the
analytical concepts and data base being established might be advantageously applied to save

weight, extend life, and reduce operator costs. Moreover, though central focus of the work

is on intrinsic microstructural inhomogeneities, the quantification of other defect
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3 populations (e.g., corrosion pits, manufacturing nicks and dings) and their effects could

also be embraced by the philosophy of the approach under investigation. This combinationSwould be valuable for use in design conceptualizations, setting limits of manufacturing

quality inspection, and making risk decisions applicable to the aging fleet.

1.1 The Problem

Weight and life cycle costs have always been major considerations in design and operation

of aircraft. More recently, because of declining defense budgets, there is strong incentive

to keep aging fleets flying well into the next century. For many airplanes within the current3inventory, this means an additional 20 to 50 year service extension over that projected at the

time of procurement. Unfortunately, these aircraft were not designed for this extended

lifetime, and some have been built with materials inferior to those available today. To

achieve the new lifetime goals most older airplanes will require some modification to ensure

continued safety and economic operation during their extended service. Also,

modernization efforts will continue to add weight to existing aircraft systems in the form of
more sophisticated weaponry and avioncs. Consequently, there is ample incentive for

durable, fatigue resistant, materials that can be used to save weight (raise operating
stresses) and/or extend life of metallic airframe parts. For reasons of affordability and3 supportability, a more durable material which can serve as a direct replacement for its

incumbent is highly desirable.

I Efficient design and operation of metallic airframes requires analytical tools to evaluate

conditions leading to formation and growth of fatigue cracks. Damage tolerance3 procedures employed to analyze growth of large, inspectable cracks are mature, having

their foundation in fracture mechanics theory. In contrast, current practices employed in
Sdurability-based evaluations (longevity without appreciable cracking) are largely empirical.

Given time and cyclic loadings of sufficient magnitude, all metallic materials develop crack-
like flaws. If allowed to grow uncontrolled, these cracks will eventually affect airframe

integrity and operating costs. Generally, the evolution of these flaws is accelerated when

microscale inhomogeneities, such as porosity or second phase constituent particles are

present to facilitate fatigue initiation. It follows, therefore, that life and consistency of5 performance should be achievable through metallurgical controls that reduce both the

number and severity of potentially harmful material discontinuities. This is particularly true
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I of thick part applications (e.g., bulkheads, lugs, spars, etc.) where the parent metal
fabricating constraints (e.g., large ingots, solidification and quenching rates, rolling3 practices) limit the amount of mechanical work imparted to heal porosity and/or to break-up

remnants of the original cast microstructure.

I State-of-the-art material selection and procurement practices are not well structured to

differentiate product initial fatigue quality (e.g., pores, particles, scratches or other

-- microscale discontinuities that exacerbate cracking problems). This results in lost
opportunities for performance and operator cost saving enhancements at affordable costs3 (e.g., by direct material replacement or tighter manufacturing controls). In most cases the
harmful discontinuities in question are too small to be detected reliably by conventional£ NDE, and standard property tests us•ed in specifications are insensitive to initial fatigue

quality. Moreover, quantification of the durability enhancing possibilities through

optimization of microstructure is made difficult by the statistical nature of fatigut: and the

empirical approaches taken by designers.

The USAF has developed a structural durability methodology to deal with effects of initial

quality on airframe integrity [1]. The approach characterizes the initial fatigue quality of a
material/component and uses probabilistic fracture mechanics to predict the statistics of

fatigue cracking originating from inherent defect populations. Despite promise of the

methodology, the tools are not widely exploited by industry. This is because little data

exists for the inherent material/component fatigue quality, and protocols for generating such
information are not well established. Consequently, airframe designers have insufficient

confidence to justify the investment of undertaking this new, albeit promising, approach.

In the Air Force protocol, the representation of the material initial fatigue quality combines
the effects of both manufacturing and material microstructure. However, microstructure is

not directly incorporated into the present day tools. This program is aimed at producing

basic understanding and data to incorporate microstructure into the existing framework, and

to increase confidence in the methodology, which will eventually lead to broader utilization

Sof the tools. Additionally, exploitation of fatigue improved materials would be facilitated

by availability of such a framework capable of connecting microstructure to component

I performance. Accomplishing these steps would go a long way toward defining the
engineering protocols and initial fatigue quality data base needed for technology insertion.

I,
I
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1.2 Program Obiective

The goal of this program is to provide understanding, representative data and an analytical

framework to show that significant fatigue durability improvement is possible through

modifications to microstructure. The effort includes establishing data and fracture
mechanics based test/evaluation protocols to: (1) link microstructure with fatigue damage
evolution and crack growth, and (2) quantify/predict fatigue durability improvements

attainable through optimizations of microstructure.

Though the main focus of the work is on developing an analytical capability to study impact
of intrinsic microstructural inhomogeneities on fatigue longevity, other extrinsic

discontinuity populations (e.g., corrosion pits, scratches, tool marks) and their effects
could also be analyzed under the philosophy of the approach.

1.3 Approach

3 The program work scope is built around the following premises:

• Fatigue sensitivity to microstructure is greatest when the damage (cracking) size is on
the scale of the governing microstructural features. Early stage cracking (path and

propagation rate) is strongly microstructure dependent, but as cracks grow beyond the scale

of microstructure, propagation resistance is controlled more so by near-tip plasticity and

crack wake (closure) effects. Since the majority of useful fatigue life is spent in

_. propagating to small crack sizes, understanding the mechanisms and statistical nature of
microstructure involvement in early stage damage evolution is key to optimization of3 materials for fitigue durability.

* The durability performance criterion of greatest practical interest to this study is fatigue

crack initiation and growth to an inspectable size which may require corrective action. In

metallic airframes a 0.05-in flaw represents a typical lower limit for reliable crack detection.

* Quantitative linkages of the following microstructural features to fatigue durability

performance are being sought: pores, particles, grain structure, crystallographic texture,

slip planarity and precipitate structure. Of these, the first three items have received the

greatest attention to date. In addressing the role of these features, a goal is to establish the

order of importance relative to fatigue longevity. For example, the classical mechanism for
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fatigue crack formation and early stage growth is associated with crystallographic slip [2].

This mechanism, however, can be circumvented by initiation at intrinsic material

discontinuities such as pores and particles, and is controlled by their size, frequency, and

spatial distribution relative to the specimen configuration and loading details.

I The approach being taken in this investigation considers probabilistic fracture

mechanics concepts to quantify fatigue damage accumulation originating from or affected

by populations of inherent microstructural features (discontinuities). Under this approach,

fatigue durability improvement can be quantified under either of the two performance
scenarios depicted in Figures la and 2a. The first of these quantifies improvement as life

distribution to fixed flaw size, while the second representation quantifies improvement as

"flaw size exceedance after fixed lifetime. Examples of such quantification are shown in

Figures lb and 2b using data obtained from Air Force fatigue tests on two of the 7050 plate

microstructural variants [3].

° The schematic illustration of Figure 3 shows three fatigue durability improvement

scenarios that are potentially attainable through modification of material microst-mcture.

The first two scenarios, "reduce initial defects" and "reduce crack growth variability",

show improvement achieved through quality controls on metal manufacturing processes.I The third approach, "increase crack growth resistance", may require alloy modification. In
Figure 3 the economic limit represents a flaw size beyond which remedial action will be

necessary. The range of microstructure features to be addressed by this program

accommodates examination of all three scenarios, however, the first scenario, "reduce3 initial defects," will serve as the central focus.

The program objectives require that materials of varying pedigrees (different

inhomogeneity populations) be available. One of these materials represents a lowest
common denominator that current specifications allow. Other material variants represent

i improved fatigue quality products. For this purpose the program is relying on extensive

Alcoa 7050-T7451 alloy experience. Alloy 7050 was developed specifically for aircraft3 thick section applications (e.g., bulkheads, lugs, wing spars) requiring good balance of

strength, toughness and corrosion resisting properties. Historical Alcoa fatigue test data

and analysis have already shown dramatic S-N fatigue improvements through tightening of

manufacturing processes to control distributions of pores and particles [4-11 . Test results

and failed specimens from 7050 plate materials of varying pedigrees are being made

available (at no cost to the Navy) to benchmark performance improvement potential. The
Alcoa 7050 results supplement the present program by serving as a foundation for
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development of analytical protocols. Microstructural characterization along random plane

sections of the materials allows for statistical correlation with failure causing features (the

weak links).

The aforementioned Alcoa 7050 plate materials are best suited for study of
pore/particle effects. Addition of an aluminum-lithium alloy to the program provides

opportunity for expanding the range of microstructure feature variants through control of

thermal processes. This is advantageous because more conventional 2xxx or 7xxx
aluminum alloys would require multiple compositions (greater expense) to cover the range

of microstructural variants possible within the single Al-Li alloy composition. An Al-Li

alloy composition similar to that of alloy 8090 is being used. The 5-8% density saving
afforded by the Al-Li alloy makes it an attractive addition to the program.

• Durability design methodologies which used the concept of an equivalent flaw size

(EIFS) population to quantify initial fatigue quality have been developed. This enables

evaluation of structural fatigue performance in probabilistic terms (e.g., Figures 1 and 2).

Analytical procedures have been developed to obtain the EIFS population from coupon

specimen data [6]. These procedures normally involve back extrapolating crack growth to

its origin as shown in Figure 4. This investigation provides opportunity to validate results
of these calculations with actual flaw population measurements revealed by post-test
fractography. The goal is to establish a protocol for defining an intrinsic material

characteristic (e.g., EIFS population) from coupon specimens, which in turn can be input

into a probabilistic fracture mechanics scenario to predict consequences on structural

performance [ 12). An envisioned engineering framework for this computational strategy is

shown schematically in Figure 5.

3 The statistics of fracture data has been studied for many years [ 13] with much of the

effort devoted to study of extreme value distributions. The idea is that materials contain
weakeni-g flaws, and though there is a population of these flaws the failure seeks out the

dominant flaw as the weakest link. That is, the total population of flaws is not as impvoi Lai.t

as the distribution of harmful (largest?) flaws, the extreme values. A goal of this study is

to explore whether the extreme intrinsic material flaw (or equivalent flaw) population can

be defined from random metallographic cross sections. The rationale is to attempt to extract

information from metallographic images that can be represented in the same functional form

as information extracted from coupon specimen tests. A schematic representation of this
logic is shown in Figure 6. The connection of the computer and microscope makes this

analysis feasible. Input obtained from images can be digitized and subjected to tessellations

1 7



I and finite element calculations to quantify the localized areas of high strain concentration

[141. If successful this capability will 1ccommodate replacemeni of large numbers of

fatigue tests by representative metallographic characterization. In this way building of the

initial fatigue quality data base could be made more cost effective to facilitate broader

implementation of the probabilistic fracture mechanics durability design tools.

The expected outcome of this investigation will be insight into materials fatigue

enhancement through microstructural control, coupled with models and procedural

guidance for exploitation of improved materials within probabilistic fracture mechanics

* based durability design rationale.

I
I
I
I
I
I
I
I
I
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1 2. Alloy 7050 Plate

I
2.1 Bkgmund

In recent year- much attention has been devoted by Alcoa to examining the fatigue

performance of aluminum alloy 7050 thick plate, and this program relies heavily on that

expe .ence. Alloy 7050 was developed specifically for thick aerospace applications which

require an excellent combination of strength, damage tolerance, and corrosion resisting

properties. The application of 7050 in thick structure (e.g. bulkheads, lugs, wing spars) is
often controlled by fatigue requirements, and these requirements can control the size of the

I part and thus affect airframe weight and performance. As a result, improvements in the
fatigue performance of the material may transition to weight savings potential in

applications which are limited by the fatigue performance.

It is generally recognized that thick plate is inferior to thin plate in resistance to fatigue

I damage initiation during service. In thick plate, remnants of the original cast structure
persist through to the final product where deformation during rolling is insufficient to
effectively break-up the cast structure and heal microporosity which is present in the ingot.

An increase in fatigue performance with increased rolling reduction has been observed for

j 7050 of varying thickness, and that data are shown in Figure 7 141. The improved fatigue

performance with increasing rolling is attributed to reduction in the size and volume

fraction of microporosity remaining from the original cast ingot. This observed behavior

prompted much effort aimed at increasing the fatigue performance of thick product to levels

observed for thinner material.

Quality improvement efforts at Alcoa on 7050 resulted in reductions in the population of

microporosity in plate between 4 and 6 inches thick [4]. While these improvements led to

modest increases in short transverse strength, toughness and ductility, rather dramatic

increases in smooth axial stress fatigue lifetimes were realized. Fractographic analysis of
the smooth specimen failures showed that the lifetime improvement in fatigue was due to a

reduction in the size of microporosity which initiated the failure. A good correlation of

fatigue lifetime with the size of crack-initiating micropores was observed. Subsequent

efforts focused on evaluating how the material improvements which resulted in increases in

I smooth fatigue coupon lifetimes affected structural performance and how the performance

benefit may be captured in design.

9I



An analytical study was performed using probabilistic fracture mechanics analysis

developed by the Air Force to investigate the effect that the material quality improvement

had on durability performance of aircraft structures [5]. This analysis makes probabilistic

projections of component cracks reaching a particular size after a specified length of

service. The measured micropore distributions which initiated failure in the smooth cour 3n

tests were input into the analysis. A probabilistic crack growth analysis was performed for

the loading condition of a fighter aircraft lower wing. The calculations showed that

improved material quality results in substantial increase in structural performance as

measured by reduction in the incidences of cracking. As a means of simplifying the

process of measuring the sizes of microporosity on fatigue failure surfaces by labor

intensive post-test fractography, a fracture mechanics analysis was used to convert the

smooth specimen lifetimes to an equivalent initial flaw size (EIFS) distribution 161. Using

fracture mechanics, the EIFS which was back-extrapolated from smooth specimen lifetime

data agreed well with the distribution of microporosity measured on the failure surfaces.

The back-extrapolated EMFS distribution was used as input into the probabilistic crack

growth analysis to assess structural performance, The results obtained using the EIFS

distribution as input agreed well with the analysis based on the actual measured micropore

size distribution which showed structural performance improvement with metal quality

improvement. This methodology now enables data from a simple smooth coupon fatigue

test to be analytically converted into structural performance data to quantify advantages of

improved metal quality for long term fatigue durability.

Despite the analytical verification of the benefit of improved material quality on structural

durability, it remained to be demonstrated whether the lifetime improvement would be

realized in actual structure which possess geometric stress concentrations and possibly

machining defects which may limit structural lifetime. An experimental investigation was

conducted which examined the notched fatigue performance of low and high porosity

material using specimens containing open holes subjected to constant amplitude loading

[71. Longer lifetimes were observed for the low porosity material. Post mortem failure

analysis showed that the fatigue failures initiated from the microporosity and not from

machining flaws, even though no special precautions were taken during specimen

machining. This demonstrated that improved material quality should lead to improved

"tructura! performance in the presence of engineering detail. Subsequent open hole fatigue

testing has been performed on two pedigrees of 7050 thick plate containing different

microporosity levels, and two pedigrees of thinner plate of an experimental 7XXX alloy

containing different constituent particle levels [8]. In both cases it was seen that

I0
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I improvements in material quality through reductions in the intrinsic microdefect populations
resulted in increases in the open hole specimen fatigue lifetime. Procedures have since3 been developed to establish improved fatigue strength allowables resulting from the
increase in lifetime due to metal quality improvement [Il11. Thus, improvement in metalI quality could lead to improved structural durability, or if captured at the design stage could
lead to weight reductions in fatigue limited components.

3 Despite the previous efforts, it remained to be demonstrated that material quality
improvements would yield performance benefit in more complex structural detail under3 loading conditions representative of actual aircraft service. A cooperative test program was

initiated between the Air Force and Alcoa aimed at investigating the effect of material5 quality increase on the fatigue performance of increasingly complex structural detail under
flight spectrum loading conditions [9]. Spectrum fatigue testing was performed on two

pedigrees of 7050 alloy thick plate which contain different levels of microporosity, using
specimens containing open holes, specimens with filled fastener holes, multi-holed panels
and assembled double lap joint specimens. The results clearly showed performance
advantage of the new quality plate under flight simulated loading and in more complex

structure.

The previous work has clearly demonstrated advantage of metal quality improvement on
fatigue performance and it's potential benefit in structural airframe applications. Despite the

apparent advantage that improvement in intrinsic metal quality offers to airframe longevity
and/or performance, the tools to exploit this advantage remain under utilized. As stated3 previously, the objectives of this program are to: (1) link microstructure with fatigue

damage evolution and crack growth, and (2) quantify/predict fatigue durability5 improvements attainable through optimizations of microstructure. The considerable

historical fatigue test data and analysis that have been generated for alloy 7050 provide an
excellent opportunity to pursue thcse objectives. Material with varying intrinsic
inhomogeniety populations are made available to this program to quantify their effect on
fatigue performance and to provide benchmark data to establish predictive protocols which

incorporate microstructure.

I
I
I
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I2.2 Materials

3 Five variants of 7050 plate were selected to provide a range of microstructures to quantify

the effects of intrinsic microstructural features on fatigue durability. The first material,

designated "old" quality material, was produced using Alcoa production practices typical of

those used in 1984. The material is characterized by extensive amounts of centerline

microporosity. Despite the centerline microporosity, this material still meets all existing

mechanical property specifications for thick 7050 plate. Current quality pr.-,duction

material, designated "new" quality material, is also used which is characterized by reduced

levels of centerline microporosity compared to the old quality material. The new quality

material represents the current benchmark for commercially available material. The3 processing methods used in the production of the new quality material are a result of a

statistical quality control effort to improve 7050 alloy thick plate [4]. Material taken from

two plant scale production lots of each quality level provide the material for this program.

Both materials are 5.7 in. thick 7050-T7451 plate. Static mechanical property

characterization of the two 7050 plate pedigrees showed no significant differences in

properties other than an increase in short transverse elongation for the new quality material

[6], and both materials meet the AMS material specification minimums. The fact that both3 materials met the property requirements of the AMS specification underscores the limitation

of existing specifications in that they do not differentiate intrinsic metal quality.

I The next material variant of alloy 7050 plate was specially processed to further reduce the

amount of centerline microporosity. The process used to produce the material is currently3 not used for commercial production and involves process steps which add to current

production costs. The production methods were developed separately under Alcoa funding

5 and are considered Alcoa proprietary. For this contract, material that was produced using

these processing methods was obtained at no charge to the ONR for the purpose of

providing a microstructure with microporosity levels lower than the current benchmark

new quality plate. This material is 6 in. thick and is denoted "low porosity" plate.

3 The fourth material variant was selected to have minimal microporosity and a significantly

smaller constituent particle distribution than either of the previous materials, yet maintain a

Sthick product grain structure. For this purpose, material was selected from the quarter

thickness plane (T/4) of 6 in. thick plate which was produced from ingot that had controlled

composition which limited the formation of coarse constituent particles. Constituent

particles in 7050 plate are typically of the types AI7Cu 2Fe and Mg 2Si. These form duwing

ingot solidification aad are insoluble, so they remain in the material through processing to

12I
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3I the final product. The mechanical work of processing may break up the particles which

produces stringers of smaller particles. This material is denoted as "low particle" plate.

I The final microstructural variant of 7050 plate used in this program was selected to have no

microporosity and have a refined constituent particle size distribution and refined grain size3 compared to standard production thick plate. For these characteristics, thinner plate I in.
thick was selected. The increased amount of deformation required to produce the thinner

I plate acts to heal microporosity and break-up coarse constituent particles which are present

in the cast ingot.

3 A summary of the material pedigrees selected for this program and their intrinsic

microstructural feature which may affect early stage fatigue damage are listed in Table 1.3This range of material microstructures provides a hierarchy of fatigue initiation mechanisms

which affect the fatigue durability. The study of these materials will provide a mechanistic3 understanding of fatigue damage and will lead to predictive strategies incorporating

microstructure.

U
2.3 7050 Fatigue Testing

Fatigue testing has been conducted on the five 7050 alloy microstructural variants used in3 this study. The fatigue tests have been performed for both smooth-round axial stress

specimens and flat bar specimens containing open holes. Since some of the data were3 developed separately under Alcoa funding and tests were performed at different times,

some differences exist in the testing that are considered when comparing data for the

different microstructures. Additional testing will be performed as deemed necessary to

provide compatible data sets for comparison and analysis.

Smooth axial stress fatigue tests were performed for both the old and the new quality plate

materials. The tests were done on round bars with a gauge diameter of 0.5 in. Gauge

sections were sanded longitudinally to remove circumferential machining marks. Testing

was done at a maximum stress of 35 ksi, a stress ratio R--O.1, cyclic frequency of 10 Hz,

in laboratory air. The specimen orientation was long transverse (LT) relative to the parent

plate. The specimens were removed from the mid-thickness (T/2) plane of the plate where
microporosity concentration is the greatest [6]. The lifetimes of the specimens are given in

I Table 2 and the data are plotted in Figure 8 as a cumulative failure plot where the data are

sorted in order of ascending lifetime and ordinate is the percentile ranking of the specimens

1 13.I
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I relative to the total number of tests. Thus the lifetime corresponding to the 50% point on

the ordinate represents the median lifetime where half of the specimens failed prior to that3lifetime and half failed at longer lifetimes. The data show that the cumulative distribution of
fatigue lifetimes for the new quality material is longer than for the old quality material.

U Fatigue tests were also performed for the old and new quality materials using flat

specimens containing open holes. Tests were performed at four stress levels for each
smaterial pedigree at a stress ratio of R--O. 1, cyclic frequency of 25 Hz, in laboratory air.
As with the round specimens the specimen orientation was LT and the specimens were

I removed from the T/2 plane of the plate. Initial tests were performed on specimens in the
as-machined condition and it was found for the new quality plate that the hole edge burrs3affected the fatigue lifetime by prematurely initiating fatigue cracks. To eliminate this
problem, the holes were de-burred by polishing with diamond compound prior to testing.

The polishing was only done on the corners and not in the bore of the hole, and resulted in
slight rounding of the comers. The fatigue lifetime data are given in Table 3 and are plotted
in Figure 9 as a stress vs. lifetime (S/N) plot. Also plotted for both materials are the 95%
confidence limits for the S/N curves. The confidence limits were obtained from a Box-Cox
analysis of the data, which enables statistical determination of the mean S/N response and

Sthe 95% confidence limits [111. The data clearly show that at equivalent stresses the new
quality material exhibited longer lifetimes than the old quality material. Alternately the
Simprovement in material performance may be expressed as an increase in the stress for a
given cyclic lifetime. Data represented in this manner are shown in Table 4, where the

stress at a given lifetime is determined from the calculated mean and lower 95% confidence

limits. This improvement in stress at a given cyclic lifetime may correspond to an increase
in operating stress for a specific part design, and when design is controlled by fatigue, the
improvements could enable downsizing to obtain a weight savings. Fatigue strength
improvements of the magnitude shown in Table 4 also provides opportunity for lower costImanufacture. For example, typical wing and fuselage structure is sized by strength and

rigidity requirements with padded (waffle constructed) areas to handle fatigue loads at3 connections. The higher fatigue strength capability affords the opportunity to simplify the
waffle construction to save cost.

3 Cumulative smooth fatigue lifetime distributions were obtained for the new quality plate
and the low porosity plate tested at a maximum cyclic stress of 40 ksi (The data in Figure 8

Sare for 35 ksi maximum stress). The stress was increased over the previous tests because
the lifetimes of the low porosity plate would be too long to practically test at the lower
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stress level. All other testing conditions were the same as the previous tests. The fatigue

lifetime data are given in Table 5 and are shown in Figure 10. It can be seen that the low3 porosity plate shows considerably longer smooth fatigue lifetimes than the new quality

plate.

3 Open hole specimen S/N fatigue results were also obtained for the low porosity plate for

comparison to the new and old quality plate open hole S/N curves. The fatigue data are
I given in Table 6 and the results are plotted in Figure II along with the bounds for the old

and new quality plate determined from the Box-Cox analysis. The open hole data for the

low porosity plate lies within the bounds for the new quality plate. This occurs despite the

significant improvement in the smooth specimen fatigue lifetime for the low porosity plate.
An investigation into the mechanisms for the observed behavior will be presented later in

the fractography section.

A limited amount of fatigue testing has been completed to date on the low particle thick

plate. Five open hole specimen fatigue tests have been performed at a maximum net stress

of 30 ksi. The data are listed in Table 7 and plotted in Figure 12 along with the confidence

limits for the new quality plate. The data reveal that the low particle plate has longer

lifetimes than the new quality plate. Additional open hole specimen fatigue tests and

smooth specimen fatigue tests will be completed shortly.

3 The final microstructural variant of 7050, the thin plate, was tested using the same open
hole S/N fatigue test conditions as for the other materials. The data given in Table 6 along

with the low porosity plate data, and are shown in Figure 13 with the confidence limits for

the new quality plate for comparison. The open hole data for the thin plate are considerably

longer than the new quality plate. The improvement is so dramatic that additional testing is

being performed to verify that the improvement is real and not an anomaly in the test

procedures. An analysis of the mechanisms for the improvement are presented in the

3 following section.

2.4 Fractography

I Fractography of the failed fatigue specimens was performed to identify the microstructural

features which affect the fatigue damage process for each of the material microstructural

conditions. The fractography was performed using a scanning electron microscope. The

smooth fatigue failures for both the old and the new quality thick plate were seen to initiate
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5 at surface or near surface micropores. Typical microporosity at the initiation sites is shown

in Figure 14. The difference in the lifetimes of the two materials was found to be due to a

difference in the size of the crack initiating micropores. The correlation of fatigue specimen

lifetime to size of fatigue initiating micropores, represented by the maximum pore

dimension measured from the SEM photographs is shown in Figure 15. The data show

that for increasing size of crack initiating micropores there is a decrease in fatigue lifetime.

In addition, the new quality plate had smaller fatigue initiating micropores than the old

quality plate and hence longer fatigue lifetimes. It is important to point out that the
micropores in the new quality plate are smaller than can be reliably inspected for (0.05 in.)

I but larger than a typically assumed starting flaw size (0.01 in.) for durability analysis.

Fractography of the failed open hole specimens for the old quality plate showed for all

cases microporosity at the initiation site for the fatigue failures, which typically were
located within the bore of the hole. In some of the failures there were multiple initiation

sites where microporosity was observed at the origin of each of the fatigue cracks that were
present. The location of the multiple initiation sites varied; they were sometimes observed5 on opposite sides of the hole, sometimes more than one initiation site was observed on one

side of the hole, and occasionally a combination of the two cases was observed. An£ example of the microporosity observed at the initiation sites in the old quality material is
shown in Figure 16.

5 Observation of the open hole fractures from the new quality thick plate showed that failures

originated at microporosity. An initiation site for the new quality plate is shown in Figure5 17 which shows a micropore initiated fatigue crack. It is worth pointing out here that prior

to establishing the practice of de-burring holes, open hole fatigue tests were performed for

both materials without de-burring the holes. The old quality material failed at micropores

while all of the new quality material failures started at burrs at the hole comers. The

lifetimes of the new quality specimens were longer than the old quality material, but shorter
than when the holes were de-burred. This will be discussed in more detail later in the
section on hole quality effects.

Fractography of smooth specimen fatigue failures of low porosity plate revealed that

failures initiated predominantly at microporosity which was smaller than the crack initiating

micropores in either the old or the new quality plate. In several cases there were constituent

particles near the micoporosity, and in some of specimens only constituent particles were

observed at the fractures. Typical smooth fatigue failure origins in the low porosity plate
are shown in Figure 18. The fractography of the open hole specimen failures for the low
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I porosity plate showed that the failures originated from constituent particles, and in most

cases the particles were located at the comer of the hole. Figure 19 shows a fatigue crack3 initiation site to be a constitiuent particle located at the hole corer. Detailed SEM

observation of the initiation site on opposite specimen halves was performed to determine3 the mechanism of crack initiation from particles. Figure 20 shcws the opposite halves

revealing that particles are located on each half and that they appear fragmented, indicating3 either a particle cluster as the initiation point or fracturing of a single particle at the origin.

The transition of failure modes from micropore fatigue origins in smooth specimen fatigue3 tests to particle origins in open hole specimens for the low porosity plate affects the fatigue
performance relative to the benchmark new quality plate. In the smooth specimen tests the

low porosity plate showed significantly longer lifetimes than the new quality plate, whereas

in the open hole tests the lifetimes of the two materials are similar. The transition to the

particle initiated open hole failures in the low porosity plate is most likely related to the size

and distribution of pores and particles and the volume of material subjected to the high
stress. Since there are many more constituent particles than there are micorpores within the3 material there is a greater probability of having a particle or cluster of particles located at a

localized region of high stress. For the open hole specimen geometry, the most detrimental5 position for crack initiation is the hole corner stress concentration, where kt is about 20%

higher than in the bore of the hole [15]. The comer effect will be shown later in the

modeling portion of this report which will also examine the relative driving force for crack

growth from micropores and constituent particles.

To observe the nature of the constituent particle distribution in the bore of the hole of an

open hole specimen, low magnification (25X) scanning electron microscopy using the3 backscattered electron detector was performed. In backscattered mode the Fe-bearing

constituent particles appear lighter than the matrix since more electrons are reflected from

the higher atomic number elements (Fe vs. Al). Figure 21 shows the constituent particles

which are present in the bore of the hole for both the new quality and the low porosity plate

materials. In both materials there are significant numbers of Fe-bearing constituent

particles present and it is easily seen that there is a high probability of having a particle

located in a region of high stress concentration near the comer of the hole which would5 favor fatigue crack initiation. Figure 22 shows the constituent particles in the bore of the

hole at higher magnification. It can be seen that the particles exist as clusters of smaller3 particles. The fatigue crack initiation site shown previously in Figure 20, where the particle
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I appeared fragmented, is likely a result of crack initiation from a cluster of finer particles as

shown in Figure 22.

_I There is considerably more microporosity in the new quality material compared to the low

porosity material. Thus, for the new quality material there is a higher probability of having

a micropore located in the bore of the hole which could act as a site for fatigue crack

initiation. The reduced microporosity distribution in the low porosity plate is sudh that the3 probability of having a micropore located at the bore of the hole is low, and thus fatigue

crack initiate at constituent particles at the hole comer. The observance of micropore3 initiated failures in both materia!s in the smooth specimen tests is due to the greater volume

of material sampled in the smooth test compared to the open hole test. Because the volume

of material which sees the highest stress in the smooth specimen is so much larger than in

the open hole test then there is a much higher probability of finding a micropore favorably
located for fatigue crack initiation, even for the low porosity plate.

Open hole specimen fatigue failures from the thin plate were examined under the SEM.3 Some of the fatigue failures were observed to initiate at constituent particles. Figure 23

shows two examples of constituent particles at the origin of the fatigue failures. The size of
the constituents is considerably smaller than the constituent particles seen to initiate faiiure

in the low porosity plate. Additionally, the thin plate lifetimes were much longer. It is not
yet clear whether the increased lifetime is due merely to the reduction in particle size or a

combination of that and the refinement in grain size with larger reductions during rolling.

In addition to the particle initiated failures in the thin plate, cleavage-like fatigue initiation

sites were observed with no identifiable microstructural feature at the origin. This was also
observed for the low particle plate. Figure 24 shows this type of initiation site observed in

both the thin plate and the low particle plate. This appearance is typical of the classic stage

I fatigue crack initiation characterized by repeated slip along crystallographic planes leading

I to the formation of a crack along the persistent slip bands. One feature of this type of
fatigue initiation mechanism is the faceted appearance of the initiation site with the crack

Spropagating initially at an angle to the stress axis along planes of high shear stress. This

characteristic is evident in the micrographs shown in Figure 24.

I Despite the similarity in the failure initiation mechanisms, the thin plate exhibited

considerably longer lifetimes than the low particle thick plate. The reason for the difference3 in the lifetimes is not clear. It is likely that the refined grain structure in the thin plate due to

the increased deformation during rolling is a key factor. It is generally known that reduced
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I grain size results in improvements in resistance to fatigue crack initiation, and the current

work seems to indicate an effect of grain size for the crack initiation mechanisms observed.3 Additional fracture analysis, detailed metallography and modeling will be used to elucidate

the reasons for the dramatic fatigue life improvement in the thin plate.

II

3 2.5 Effect of Hole Ouality

In addition to intrinsic microstructural features which affect airframe fatigue durability, an

important consideration for structures is initiation from extrinsic sources such as

manufacturing imperfections. If severe enough, the influence of manufacturing3 imperfections on fatigue damage initiation can override increases in durability due to

improvements in metal quality. Thus, it is important to understand the relative effects of5 manufacturing imperfections on durability in order to capitalize on the improvement in

metal quality.

I Previous open hole fatigue tests on the new quality thick plate were performed using
specimens in the as-machined conditions without the hole edge burrs being removed. All

I of the open hole test data presented here had the holes de-burred with the exception of the

old quality plate. The effect of the coarse microporosity in the old quality plate was more

severe than hole edge burrs so the specimens did not need to be de-burred. Figure 25

shows the stress versus lifetime plot for the open hole fatigue tests of new quality plate for

both the as-machined and the de-burred specimens. At high stresses the lifetimes for the

two are similar, but at lower stresses the de-burred specimens exhibit longer lifetimes than
the as-machined specimens. Fractography of the as-machined specimens revealed that hole

I edge burrs initiated the fatigue cracks, and a micrograph showing a hole edge burr is

shown in Figure 26.

I These data underscore the importance of attention to manufacturing quality as well as

material quality to improve structural fatigue durability. The data also indicate that the use

of simple procedures to ensure good manufacturing quality provides opportunity to exploit

improved metal quality by reducing extrinsic sources of damage initiation. For the five3 microstructural variants of alloy 7050 plate the key microstructural features affecting fatigue

crack initiation have been identified. The features observed for each of the materials are3 summarized in Table 8. Hole quality can essentially be included in the hierarchy of features

which control damage initiation in open hole specimens. Table 8 includes hole quality as a
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fatigue damage initiating feature for open hole specimens in the as-machined condition and

compares it to the case where the holes are de-burred. The lifetime improvement associated

with reductions in microstructural inhomogenieties can be realized for structural

applications when manuf,.,uring quality is controlled through simple procedures such as

de-burring.

The identification of the key features in each of the microstructural conditions is a key to

understanding the process of fatigue crack initiation. The next section deals with

characterization of the key variables for each of the materials which will serve as inputs to

models to predict material performance.

3 2.6 Microstructural Characterization

3 As observed previously for some of the 7050 plate microstructures, the constituent particle

population controls the fatigue crack initiation behavior. Constituent particle distributions3 were quantified on four of the five rnicrostructural variants of 7050 using automated image

analysis. Constituent particle distributions were not quantified for the old quality plate

since the effect of the particles on fatigue is negligible compared to the effect of

microporosity which is present in this material.

3 The constituent particles, typically A17 Cu2Fe and Mg 2Si, form during ingot fabrication.

Once these particles form they are stable and cannot be dissolved by thermal practices, and3 thus persist through to the final product. However, mechanical work does break up the

constituent particles: rolling into plate produces long stringers of particles running parallel

to the rolling direction, and the larger amounts of deformation to produce thinner plate can

result in a smaller constituent particle distribution. Particle sizes may be up to 100 4am

(0.004 in.) in length, and as seen previously the particles are microstructuralI inhomogeneities from which fatigue cracks may initiate. The characterization of large

particles is emphasized since these control the fatigue initiation in the absence of

3 microporosity.

Automated image analysis provides a way of obtaining a statistically meaningful

characterization of constituent particles. The distribution of particle sizes and the extreme

value distribution is more important than the mean value alone since fatigue damage

I initiation is controlled by the larger particles. In addition to size distribution, spatial

distribution can also be an important parameter. Two materials may have the same particle
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size distribution, but the particles may be more clustered in one material. The degree of

clustering is also likely to have an effect on the fatigue initiation behavior of 7050 thick

I plate. The distance between particles is easily obtainable using automated image analysis

systems.

Samples of the new quality and the low porosity material were sectioned to examine the
longitudinal plane (normal to the LT direction) at the one tenth, quarter and half thickness

I (T/10, T/4, and T/2) locations. In addition to these materials, the two other variants of

7050 examined were the low particle plate and the thin plate. The low particle plate used

compositional control to reduce the volume fraction of constituent particles below that of

standard material. Contrasted to the mid-thickness plane of thick plate, thin plate receives

higher amounts of deformation during rolling which acts to break up particles. Thus, the
comparison of thick and thin plate performance provides an opportunity to examine the
effect of mechanical work on particle size distribution and its effect on fatigue.

Automated quantitative optical metallography was performed on as-polished cross sections

from the longitudinal plane, normal to the LT direction, for the new quality and low

porosity thick plate to characterize the size and spatial distributions of constituent particles.
A low magnification was used which maximized the area characterized, and thus improved

the chances of encountering the largest particles. However, the lower magnification

degraded the spatial resolution so that closely spaced particles were measured as one

particle, and the small particles below the resolution limit were not measured. Forty fields,

each 0.77 mm 2, were analyzed at IOOX magnification for a total area of 31 mm 2 (0.048

in2 ). An average of 6600 particles was characterized per location in the thickness.

Particles smaller than 1.6 gm (0.062 x 10-3 in) in projected length could not be resolved,
and thus were not analyzed.

For irregularly shaped particles, the particle size was defined to be the maximum projected

particle dimension ('DMAX') since this is believed to be the most influential particle

dimension relative to material properties. Particle spacing ('FERET X') was measured as the

distance between particles parallel to the rolling direction only. While this is not sufficient

to uniquely define the spatial distribution of particles in the material, this distance does

indicate the relative amount of particle clustering in similar samples. Distances larger than a

single view field could not be measured which truncated the upper particle spacings at the
length of the view field. This is not considered significant since fatigue initiation will not

be affected by large particle spacings but rather by clustering of particles. For simplicity

and to save time, this characterization method was selected over more complex
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characterization methods. An alternative method that would provide more information
would use randomly oriented test lines. The tessellation procedure has also been shown to

usefully characterize the degree of particle clustering in low particle volume fraction

materials [16] and may be used later to characterize particle clusters if required in the

modeling of fEigue initiation.

Quantitative metallography was also done on a similarly designed SEM-based image
analysis system. The differentiation of particle types by chemistry on the SEM system was

used to separate Fe- and Si-containing constituent particles. This may be necessary if

particle type affects fatigue initiation mechanisms. For these analyses, 20 fields were

analyzed at 250X magnification, for a total area of 1.2 mm 2 (0.002 in2). Particle

dimensions as small as 0.4 p.m (0.016 x 10-3 in) were detected.

1 2.7 Quantitative Optical MetalloMraphy

Table 9 contains the results of the quantitative optical metallography at various thickness

locations in new quality and low porosity plate. The effect of depth within the plate can be

seen by comparing particle distributions at the T/10, T/4 and T/2 locations. The particle

distribution is expected to vary with plate depth for two reasons. First, solute segregate

during casting will result in differences in particle volume fraction, and second, the amount

of deformation during rolling varies inversely with plate depth, which can affect the particle
size, shape and number density.

In both the new quality and low porosity plate, the area fraction of constituent particles

larger than 1.6 gtm varied only slightly between T/10, T/4 and T/2 locations, as shown in

the bar graphs in Figure 27a. The T/10 location had the largest area fraction of particles

while the T/2 location had the smallest. Since the area fraction was calculated by

computing the area fraction for each of the forty fields, then averaging those values,
another important value is the standard deviation (indicated by arrows in Figure 27a),
which indicates the field-to-field microstructural variability. The large standard deviations

suggest a non-uniform distribution of particles through the material, even when examining

only one location in the thickness; this emphasizes the importance of characterizing

sufficient area to overcome the inherent variability in constituent particle population.

The number of particles observed in both materials decreased monotonically with depth in

the plate (Figure 27b). Since the number of particles decreased by almost 50% from the
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T/10 to T/2 location while the area fraction varied only slightly, the mean particle size
increased with plate depth. This is consistent with the slower cooling rate during

solidification, as well as the decreased amount of work absorbed during rolling, with

increasing depth in the thick plate.

I Figure 28 shows particle size distributions for the two materials at the different plate
locations on a logarithmic scale; this same information is also included in Table 10. TheI T/10 location is seen to have almost twice as many small (<10 4.m) particles as the T/4 and
T/2 locations. However, all three locations showed about the same number of large
particles. The histograms in Figure 28 demonstrate the truncation of the particle size

distribution due to the resolution limit at this magnification. Since the particle size

distribution is cut off at the resolution limit of the image digitizer, the results cannot be fit to

a normal distribution in a valid way. Thus, the mean and standard deviation values
reported in Table 9 are representative of the particles 1.6 ptm or larger, and are not

representative of the actual particle population in the material. This calculated mean particle

size is therefore an underestimate of the actual value, since the mean value would decreaseI with the addition of smaller particles to the distribution. These calculated values can be
used to compare materials characterized in this study, but comparisons with data reported
elsewhere should be made cautiously.

There was a trend towards decreasing mean particle spacing (feret x distance) in the rolling
direction with plate depth (Table 9). 'Particle spacing' encompassed two lengths: an inter-

particle spacing of relatively short lengths, and an inter-stringer spacing of relatively largeI lengths. Histograms of particle spacing (Figure 29 and Table 11) show that the plate

location has a strong effect on the high end, inter-stringer spacings. At the T/10 location, a

larger number of long spacings were observed compared to the T/2 location which

corresponds to the greater deformation near the plate surface during hot rolling. AZ the
smaller particle spacings, there seemed to be less of an effect of plate depth on the inter-

I particle spacings.

Comparison between the new quality and low porosity plate particle distributions are
shown in Figure 29 for the various thickness locations. The particle distributions in the
two materials are nearly the same at all thickness locations. Thus, the processing path used

to reduce the porosity in the low porosity plate had no significant effect on the constituent
particle distribution. Both the new quality and low porosity plate had particle area fractions
that were lowest at the T/2 location, number densities that were lowest at the "7/2 location,

and inter-stringer spacings that were largest at the T/10 location. The effect of low porosity
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processing was much less than the effect of plate depth on constituent particle distribution

characteristics.

2.8 Particle Size Distribution

Microstructural based models for fatigue crack initiation require quantification of the

particle size distribution. One way to represent the data is a cumulative probability plot of

particle sizes where the number of particles below a given size is normalized by the total

number of particles measured. Figure 30 shows the resulting cumulative probability plots

of particle sizes in both new quality and low porosity materials at the three different plate

depths. At small particle sizes the distributions were not affected by either the thickness

location or the type of material. The distributions show divergence at the larger particle

sizes with the T/2 locations have a higher percentage of larger particles than the T/10

locations. The lower tail portion of the distributions are not well represented due to the

truncation of small particles at the resolution limit of the image analysis system.

The constituent particles were irregular in shape, and thus it was of interest to check

whether the actual area of the particles followed the same behavior as the longest projected

dimension. Because the image analyzer captured the real cross-sectional area of the

particles, it was not necessary to make assumptions about the particle shape. Figure 31

displays the probability plots for the particle area, which follow the same characteristic

curve as the longest projected dimension plots in Figure 30. As was found for particle

length, the smaller particles showed no effect of either thickness location or the type of

material, and the divergence increased with increasing particle size. The distributions for

both standard and low porosity material were slightly narrower at the T/10 plate depth than

the T/2. Although particle length and area are equally easy to obtain in automated image

analysis, length will continue to be used to characterize particles.

2.9 Ouantitative SEM Metallography

Quantification of the constituent particle distributions using a SEM-based automated image

analysis system was used to separate particle types by chemistry. A comparison of the

SEM results to the optical microscopy characterization will be provided later. The
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characterization of constituent particle distributions using SEM was performed for the new

quality plate, low porosity plate, low particle plate, and thin plate materials.

I Since the primary insoluble constituents in alloy 7050 are A17Cu 2Fe and Mg2Si, particles
were characterized as either Fe-containing or Si-containing. Table 12 contains the image

analysis data from new quality and low porosity plate, at the T/2 location, obtained from

SEM images at 250X over a sample area of 1.2 mm 2 . A relatively small number of
particles (around 300) were analyzed in both materials, with more than half of the particles

being Si-containing in both plate products.

The histograms in Figure 32 indicate the size distributions for Fe-containing and Si-

containing particles. The Si-containing particle distributions are skewed left to the smaller
Send on the logarithmic plots, while the Fe-containing particles are more more normally

distributed. The trends for the Si- and Fe-particle sizes are particularly dramatic for the low

* porosity plate. Because the Si containing particle distribution is truncated, the mean value
reported in Table 12 is an overestimate of the mean of the actual particle distribution. In

contrast, the Fe-containing particle distribution does not appear to be significantly truncated

since the Fe particles are generally larger in size.

3 The cumulative probability plots for ne'w quality and low porosity plates (Figure 33) also

show the difference in size between types of particles. The thick solid line represents the
total constituent particle population. For both materials the distribution of Fe-containing

particles lie to the right, indicating larger sizes, and the Si-containing particles lie to the left,

indicating smaller sizes. Although Si particles are more numerous, they are smaller and

may not play as significant a role as Fe containing particles on fatigue crack initiation.

2.10 Optical vs. SEM Characterization

A comparison between the particle measurements made using optical metallography and5 those performed using SEM is necessary to provide input of the particle distribution

characteristics into models of fatigue initiation. Differences in magnification and number of

fields measured may account for differences in the quantitative results. The SEM analysis

increased magnification from IOOX to 250X and reduced the number of fields from 40 to
20, which reduced the area of material characterized by over 12 times. Since both the

magnification and the number of fields changed, the effect of optical versus SEM methods
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alone could not be deconvoluted. With this caveat, the following are some comments that

can be made.

I The quantitative metallographic data from both the optical and SEM based characterizations

are given in Tables 13. The particle area fraction when measured optically is significantly

higher for both standard and low porosity materials, despite the fact that a large number of

particles were below the resolution limit when using the lower magnification (over 50% of
the particles measured at 250X were below the detection limit at 10OX). For example, the

area fraction of constituent particles in low porosity material was 0.98% optically and

0.55% using SEM. The resolution limit at the lower magnification may have partially

contributed to the higher area fraction, since the matrix area between closely spaced

particles may be measured as particle area. Another possible factor is that the limited

sampling at 250X was not representative of the total population. Since constituent particles
are not uniformly distributed through the material, a large area must be sampled to

experimentally characterize the high-end tail of the particle size distribution.

Figure 34 compares the particle size distributions measured using the different techniques.

For both new quality and and low porosity plate, the SEM gave in lower median particle

size. This also stems at least partially from the fact that particles separated by very small
distances may be measured separately at the higher magnification but measured together as

one large particle at the lower magnification. One consequence is that the particle number3density be greater for the higher magnification analysis, which is indeed the case: standard

material had 166 particles/mm 2 at IOOX and 259 particles/mm2 at 250X.U
I 2.11 Effect of Volume Fraction

Comparisons between new quality and low particle plate provide an understanding of the
effect of the constituent particle volume fraction on the particle distribution characteristics.

A large reduction in both particle area fraction and particle number density are observed

(Table 12). The area fraction in the new quality plate was 0.304%, and that for low particle
plate was 0.071%. The number density of particles decreased from 252 particles/mm 2 in

the new quality plate to 160 particles/mm 2 in the low particle plate.

Comparison of the particle size histograms for new quality and low particle plate reveals a

difference in the particle size distributions (Figures 29(a) and 35(a)). The number of

particles in low particle plate drops off dramatically with particle size; very few particles are
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larger than 5.5 pm. This contrasts with the more uniform distribution of particle sizes in
new quality plate. It is important to note that there is not only in a smaller area fraction of

particles, but also in a smaller mean particle size and a narrower particle size distribution.

The narrower distribution should produce an improvement in fatigue crack initiation, which

depends on the probability of a large flaw being in a certain area.

In addition to having a higher mean particle size, Fe-containing particles also have a higher

standard deviation than Si-containing particles. Because of the higher number density of
Si-containing particles, the total particle population closely resembles the population of Si-

containing particles.

2.12 Effect of High Deformation

Quantification of the particles at T/2 in I inch thick plate provided an opportunity to study
the effect of higher amounts of deformation on particle distributions. These results
complement the study of different plate depths presented earlier. The T/10 location in 6
inch thick plate received more deformation than the T/2 location; however, the 1 inch thick

plate has absorbed even larger amounts of deformation and has a different particle size
distribution. In the thin plate the area fraction of particles was roughly the same as for both
the new quality and low porosity thick plate materials. This similarity in particle area
fraction is reasonable since no control was used to limit particle volume fraction as in the

low particle plate. However, the number of particles was three times as large for the thin

plate as for the thicker materials due to the larger amount of deformation during rolling

down to 1 inch thick plate compared to rolling down to 6 inch thick plate. Figure 35(b)
graphically shows the high constituent particle number density in the 1 inch thick plate. The

increased deformation breaks up the larger particles thus refining the particle size

distribution. The mean area of individual particles dropped from 11 4.m2 in new quality

plate to 5.3 pam 2 in the thin plate. The particle number density increased from 259
particles/mm 2 in the new quality plate to 768 particles/mm 2 in the thin plate.

Figure 12 (b) shows the cumulative distribution of Fe- and Si-containing particles in the

thin plate. The Fe-containing particles are larger than the Si-containing particles even after
high amounts of deformation. Thus, the Fe-containing particles are either larger than the

Si-containing particles in the cast condition and persist that way through processing, or the
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3 Si-containing particles are broken-up early in the processing and are smaller at the plate

thicknesses examined here.

U The mean particle size was also smaller in the thin plate compared to new quality and low

porosity plate. Nonetheless, the variant with the finest particles was the low particle plate.
The compositional control appears to be most effective in reducing constituent particle sizes

in 7050 plate materials. This should translate to improvements in fatigue durability.

I In the thin plate the particles lay in stringers, and it is possible that these clusters of particles

affect fatigue crack initiation more dramatically than individual particles. Unfortunately, no

measure of the spatial distribution was obtained during the SEM-based image analyses. It

is postulated that both the inter-particle and inter-stringer distances increased with the

increased amount of deformation, which may also improve fatigue crack initiation
resistance. Future work should include measuring the degree of clustering in thin plate.

I Curiously, the aspect ratio of the particles did not change with amount of deformation. The
mean aspect ratio (minimum particle diameter divided by maximum particle diameter) of all

particles in the new quality plate was 0.52, and the mean aspect ratio in the thin plate was
0.53.I
2.13 Future Characterization

The objective of the metallographic characterization work is to provide input into
microstructural based models for fatigue initiation. The models require that the

quantification of the microstructure on 2-D random sections be scaled to represent the

extreme value distribution of microstructural features controlling fatigue crack initiation. It

may be necessary to incorporate the effects of clustering of particles which is currently

ignored for simplicity. The differences in the characterization results using optical

metallography versus SEM based characterization need to be more fully understood.3 Finally, the combined effects of microstructural features such as constituent particles and

grain structure will need to be sorted out and work done to characterize grain structure

differences in materials.

2
| 28

I



S
3. Alloy 8090 Plate

3.1 Bakgrmund

I Wrought Al-Li alloy 8090 thick plate is a complementary material to 7050, providing an

opportunity to evaluate the effects of grain structure, crystallographic texture and slip

planarity on fatigue life. Current commercial product has reduced micropore and
constituent particle levels, and hence other microstructural features become increasingly3 important. Features such as grain structure, crystallographic textures and precipitation are
easily manipulated through thermomechanical processing in Al-Li alloys. The grain

structure can range from fully recrystallized to fully unrecrystallized, and correspondingly,

the crystallographic texture can range from high in cube component to high in brass
component. Variations in the artificial aging treatments can produce different distributions

of precipitates, which control the slip localization in these alloys.

Fatigue crack initiation is known to be sensitive to microstructural features. Typically,

cracks initiate at surface flaws such as constituent particles and micropores [ 17,181; if the
flaws are large enough, then cracks can also initiate in the interior of the part or sample. In

most commercial material, there is usually feature that is sufficiently large and high in

number density to act as a stress rise. Fatigue crack initiation can also occur by dislocation

damage. Persistent slip bands form at the specimen surface, and these act as crack
initiation sites. The ability to systematically control the microstructure of Al-Li alloys

provide an opportunity to further the understanding of the role of microstructure on fatigue

and to enhance microstructure based models for fatigue durability for aluminum based

* alloys.

S
3.2 Materials

I Three different microstructural variants of 8090 were to be used in this study on fatigue

durability. The first was 3.2 inch thick plate, with a coarse unrecrystallized grain structure

I and weak deformation texture. The second was a 0.75 inch thick plate with thinner, more
elongated unrecrystallized grains and a strong deformation texture. Finally, a recrystallizedS structure was to be produced to compare with the two unrecrystallized variants. It was also
planned to initially artificially age these materials to the same temper so that the effects of3 29
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grain structure and texture may be analyzed, then later in the program, other conditions,

such as underaged, overaged, or two-step reversion-aged, were to be produced as needed.

I However, plans have been modified. The recrystallized 8090 variant has been deleted, and

thus the opportunity to study grain structure and crystallographic texture will be severely

restricted. The second material variant was successfully produced; however, evaluation of

this material has been suspended. Since only the baseline, commercially produced 3.2 inch

thick plate was completely characterized (microstructure and mechanical properties), this

report primarily summarizes the results obtained on the 3.2 inch thick baseline 8090

3 material.

3.3 Microstructural Characterization

Samples for microstructural analysis were cut at the T/4 plate location, mounted, and

prepared for optical microscopic examination. Micrographs of constituent particles were

taken on the planes normal to L and LT at 50X of as-polished specimens and are shown in

Figure 37. The equiaxed particles (in dark contrast) appear uniformly distributed

throughout the area and weakly aligned in the rolling direction, as is typically observed in

thicker plate product. The grain structure was revealed by anodizing the specimens, and

micrographs were taken at 50X magnification. The very coarse grain structure in this 8090

plate is exhibited in Figure 38. The elongated, pancake shaped grains are often seen to be a

few hundred microns in thickness. The unrecrystallized grain structure is usually attributed3 to the presence of A13Zr dispersoid particles.

Quantitative metallography was performed on both longitudinal (normal to the LT direction)

and transverse (normal to L) sections at the T/4 plate location. A total area of 31 mm2 was

characterized on each section using an automated optical image analysis system. The

resolution limit at 1OOX magnification was 1.55 p.m. The quantitative metallography

results are given in Table 14. The mean area fraction of particles is higher in the3 longitudinal section compared to the transverse section; however, the numbers are

essentially the same (-0.8 %) due to the large standard deviation. The large standardK deviation also indicates that the particles are inhomogeneously distributed through the plate.

A greater number of particles were captured on the transverse section (269 particles/mm 2)

3 than on the longitudinal section (200 particles/mm 2). The largest particle encountered was
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75 pm in maximum projected length. Since the imaging magnification was low, individual

particles separated by less than 1.55 gm were analyzed as one particle.

S Figure 39a shows a histograms of number of particles is plotted against the logarithm of

particle size. The degree of clustering is also important, since a cluster of particles has a

more deleterious effect on crack initiation than an isolated particle. Randomly oriented test
lines were laid down on each field, and the surface to surface distance between particles

I was measured. A histogram of particle spacings is shown in Figure 39b. Shorter
distances correspond to interparticle spacings.

In summary, the microstructural features span several orders of magnitude in size. The
length of the unrecrystallized grains can be as much as a few millimeters, and the thickness

up to hundreds of microns. On the other end of the scale, intermetallic constituent particles

were measured to be as small as 1 pm long. The critical size that defines a

microstructurally small fatigue crack depends on the feature that controls fatigue.

Differential scanning calorimetry (DSC) was performed to identify any soluble constituent

particles present in the as-received material. A disk weighing 45.40 mg, cut from the T/4
location, was heated at a rate of 20*C/minute from room temperature to 610"C (1130"F).
Exothermic and endothermic peaks were identified on the resulting thermograms. The

curve in Figure 40 shows a dissolution reaction that peaks at -240°C (465'F), followed

closely by a precipitation reaction at -340"C (645"F). Other work done on 8090 has

shown that the 230°C peak can be attributed to discrete 8' (Al3Li) particle dissolution [ 19].

Although the material studied was artificially aged, S phase formation was not complete

due to slow nucleation and growth kinetics. Thus, further precipitation of S phase during
the DSC ramp is shown by the reaction at -340"C.[ 19]

What is more important, no high temperature melting reactions were observed, which

indicates that there were little or no soluble constituent particles present in the -T7 material.

Therefore, the particles characterized by optical microscopy were insoluble precipitates,

such as A17Cu2Fe or Mg2Si. Since these particles form during ingot casting, the only way

iS to reduce their number and area fraction is to reduce the amount of impurity elements Fe

and Si.

Guinier X-ray diffraction analysis can give qualitative measures of the crystallographic

phases present in the material. A small piece of material from the T/4 plate location was

thinned down to 0.040 inches thick, and prepared for Guinier x-ray analysis. Guinier
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analysis identified only three phases. The metastable 8' (AI3Li) phase was found to be

present in 'medium' amounts. This agrees with the DSC results, which indicated that 6"3 was present in the material. There was also a 'small-' amount of equilibrium 6 phase

(small-) and a 'trace' of equilibrium T2 (AI6CuLI3) phase. Guinier analysis did not detect

any S (A12CuMg) precipitation. Constituent particles such as Al7Cu2Fe were not detected,

which means that they are present in very small volume fractions.

Pole figures were obtained from the T/4 location. Thin specimens (2 in. x 2 in. by 0.040

in.) were prepared parallel to the rolling plane, then analyzed by a combination of reflection1 and transmission diffraction. The 200 and 111 pole figures are shown in Figure 41.

Although Al-Li is typically reported as having a very strong brass texture (( 110), 112)),
this was not observed.

Table 15 contains the maximum and interpolated intensities for various texture components.5 While recrystallization components (cube and goss) are weak, the rolling components are

also relatively weak. In particular, the brass texture was found to be only 1.55 times
random. This weak rolling texture is consistent with the thick product form of the material.

The hot deformation absorbed during processing to 3.2 inch thick plate only feebly affects5 the crystallographic texture at the T/4 location.

1 3.4 Mechanical Properties

Tensile testing was performed on the material to determine the standard tensile properties

and the stress-strain response of the material. Duplicates of cylindrical specimens with3 gauge diameter 0.500 in., and length 2.00 in., were prepared in both the L and LT

orientations for tensile testing. For these tests, fit-back elongation was measured. Tests

for the determination of stress-strain behavior were performed on duplicate samples with

rectangular cross-section (0.500 in. x 0.500 in.) and a 2.00 inch gauge length. Using the

, data from this test, the uniform elongation was separated from the total elongation.

Strain hardening exponents were obtained by fitting the true stress and true strain values to
the Holloman equation, £=kcrn, beyond E=0.01. By ignoring the very low strain data, a

better curve fit was obtained; however, the n-values were decreased. The k- and n-values

reported in Table 16 are not strictly valid according to ASTM E646 specifications, since the

specimen thickness exceeded 0.25 inches.
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The results of the tensile tests are shown in Table 16. The yield strength in the L

orientation was 60 ksi, about 6 ksi higher than in the LT orientation. The yield strength

anisotropy is due at least in part to the crystallographic texture present in wrought product

[20]. Note that the difference in the yield strength obtained between the two types of testsg is small, i.e., less than the scatter between samples within a type of test.

Interestingly, the total elongation values depended on the type of test. The standard tensile

test resulted in higher total elongation values compared to the stress-strain data, probably
because of the extreme amount of crack deflection that occurred during fracture. Because'3 the specimen halves fit together poorly, the values are higher than the actual values.

The strain hardening exponent was low in both orientations (0.07-0.09), as expected for

this age-hardened aluminum alloy. The strain hardening exponent was consistently higher

in the LT orientation compared to the L. The anisotropy is due to both crystallographic

texture and the mechanical stretch given before artificial aging. In material with stronger

crystallographic texture, the strain hardening exponents would probably show an even

stronger dependence on test orientation. A high strain hardening exponent signals diffuse

strain, whereas a low strain hardening exponent indicates localized strain.

One specimen each in the L and LT orientations had uniform elongation values that equaled

the total elongation values, suggesting premature failure. However, the other specimens

failed by plastic instability at modestly higher strengths and elongation values. Thus, the

failure in two of the specimens was only slightly premature.

Fracture toughness was evaluated using C(T) toughness specimens centered at the T/4 plate

location with thickness B=1.25 inch. Specimens were precracked by fatigue cycling prior3 to testing. The results of the fracture toughness tests are shown in Table 16. Three of the

four specimens failed the validity criteria; hence, KQ values are quoted rather than KIc. The

average toughness in the L-T orientation was 37.2 ksiin, and in the T-L orientation was

29.2 ksi\,in.

SIn the L-T specimens, deep, intergranular splitting parallel to the loading direction were

observed. High fracture toughness values have been attributed to the crack dividing3 splitting mechanism [21-23]. Delamination along grain boundaries reduces the stress

triaxiality, and the material fails locally in a more plane stress state. This extrinsic

toughening mechanism results in higher apparent plane strain toughness values. Since high

angle grain boundaries lie parallel to the rolling plane, crack dividing splitting can occur in
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5 both the L-T and T-L test orientations. However, the L-T orientation displays more

splitting than the T-L orientation, and this difference may be due to the anisotropy in yield£, strength. The L-T orientation had a higher yield strength; thus higher stresses built up at

the high angle grain boundaries, and the grain boundaries then separated. In the T-L

orientation, the matrix strength and the grain boundary strength were probably much closer

in the material condition under study. Another reason cited in the literature is the

difference in grain boundary length [24]. Specimens tested in the L-T orientation can

develop long splits that grow parallel to the rolling direction. Because the grains were

elongated rather than equiaxed, the splits were shorter in the T-L orientation. The3 difference in intergranular split length may also contribute to the orientational dependence

of toughness.

S Strain hardening is a material property that, along with elastic modulus and yield strength,
intrinsically affects fracture toughness. Several models have been developed that directly

relate the strain hardening exponent to toughness. Although the LT tensile test orientation
showed a 20% higher n-value than the L orientation, this strain hardening advantage did3 not translate into a superior toughness due to the lower yield strength and difference in

intergranular splitting behavior.a
3.5 8090 Fatigue Testing

Smooth S/N fatigue testing has been performed for the first microstructural variant of 8090

using cylindrical specimens with 0.300 inch gauge diameter and 1.2 inch gauge length.
Five specimens were tested at four stress levels for a total of 20 specimens. Both5 longitudinal (L) and long transverse (LT) specimen orientations were tested. The highest

"maximum stress level, 45 ksi, corresponded to 75% of the yield strength in the L5 orientation and 85% of the yield strength in the LT orientation. Tests using 30 Hz
frequency were performed in ambient air at R=0. 1. The results of the smooth axial fatigue

tests are tabulated in Table 17, and also plotted in Figure 42a. The L orientation seems to

have stronger fatigue resistance than the T orientation, since at all stress levels, the L

orientation specimens exhibit longer lifetimes to failure. Because the yield strengths in the
two orientations differed by 10%, the S/N data was replotted with the maximum stress
normalized by t..e yield stress (Figure 42b). In this representation, there is little difference

3 in fatigue resistance between the L and T orientations. Thus, the difference in L and T

orientation fatigue behavior may be attributed to the anisotropy in yield strength. Another
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I example of the effect of yield strength on fatigue behavior was provided by Xu et al. [25]
who found that the fatigue strength of 8090 increased when the test temperature decreased5 from 25"C to -200"C. The drop in test temperature produced an increase in the yield

strength of the material, as thermally activated deformation processes diminished.

To evaluate the effect uf a stress coi-,entrator on fatigue performance, flat, two open hole
specimens were used, similar to the fatigue characterization of 7050. Specimens from the5 T/4 location were 0.125 inches thick, with two holes 0.187 inches in diameter separated by

1.000 inches. These specimens were also tested in ambient air, with a load ratio of R--0. 1
and a frequency of 30 Hz. Some of the specimens failed in the grip area, and were

reloaded and tested to either failure or 107 total cycles. Figure 43 shows the S/N fatigue
behavior for the open hole specimens and the data are tabulated in Table 18. Specimens

that first broke in the grip and were subsequently reloaded are plotted as single points
according to the total number of cycles. In these open hole specimens, the L orientation did
not exhibit longer lifetimes than the LT orientation- data at all four stress levels seems to
overlap. Thus, the presence of the stress concentrator outweighs other factors in the crack3 initiation behavior.

The lifetimes measured include both crack initiation and propagation regimes. In high

cycle, low stress fatigue tests most of the total lifetime is consumed by the crack initiation
process. In contrast, initiation takes an insignificant amount of time in low cycle fatigue3 tests. Shielding mechanisms, such as crack deflection and bifurcation, are known to

strongly affect the fatigue crack growth behavior, but have little effect on the initiation

behavior.

3.6 Fractogjaphy

i Fractographs in Figures 44-47 show the fracture profile for specimens tested in the L and
LT orientations at high (45 ksi) and low (30 ksi) stress levels. It is immediately seen that5' the fatigue cracks propagated at a high angle, especially in the L orientation. While such

crack angles are frequently observed in the crystallographic Stage I crack initiation, cracks
usually begin to propagate along the plane of maximum tensile stress immediately

thereafter. The large amount of crack deflection throughout the fatigue crack initiation and

growth regimes reduces the driving force at the crack tip, and probably contributes to the

long lifetimes.
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3j The area of the specimen that failed in fatigue was easily distinguished from the area that
failed by tensile overload. The overall fracture surface was imaged normal to the loading

axis (Figure 48). As seen, the fatigue region was thumbnail-shaped, and very small in

area. Figure 49 shows higher magnification images of typical regions of tensile overload in
i L and LT specimens.

Although the overall fatigue region was recognizable, it was difficult to detect the crack

3initiation site(s). In this material, obvious initiation by large Fe-containing particles at the
specimen free surface was not observed in any condition. Areas with cleavage-like riverU lines were noted, which suggests Stage I initiation mechanism.

3.7 Future Work

I All further efforts on the effects of microstructure on fatigue durability using 8090 as the
model material have been suspended. Characterization of the microstructure and3 mechanical properties of the baseline, unrecrystallized variant is complete. However, all
scaling law efforts that depended on results of Al-Li research have been abandoned, and no

i further work is planned in this area.

3
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4. Microstructural Based Fatigue Modeling

4.1 BackUround

The objective of the modeling work is to provide probabilistic component life assessments

using quantitative descriptions of representative material microstructures. The approach

first requires a mechanistic understanding of fatigue initiation in the materials of study and a

quantification of the controlling microstructural features. The next step is to establish a

method of scaling the distributions of material microstructural features from random plane

microstructural characterization to predict the extreme value distribution of microstructural

features causing failure. The final step is the development of probabilistic models which

enable prediction of component life based on the characterizations of the controlling5 microstructural features.

1 4.2 Growth Modeling

I Modeling the influence of microstructure on the fatigue life of a component requires an

understanding of fatigue damage mechanisms. Several tests need to be conducted to3 identify and quantify the controlling microstructural features. Examination of fracture

surfaces from both smooth axial and open hole fatigue tests enable qualification of the

extreme value distribution of features affecting fatigue initiation. For the 7050 thick plate

materials used in this study, the major microstructural features are microporosity and

constituent particles.

The basis of the modeling is a fracture mechanics program on crack coalescence developed

by Grandt et. al.[26]. The original program calculated the fatigue life of a notch specimen

with a fatigue crack growing from an equivalent elliptical crack. It considered crack

coalescence for multiple cracks and interaction of cracks at opposite sides of a hole. To

incorporate different microstructural features as initiation sites for crack growth (in

particular microporosity and constituent particles), a modification of the Trantina and

Barishpolsky [27] stress intensity factor solutions was used. The problem Trantina and

Barishpolsky examined consisted of an ellipsoidal void or inclusion which contains an

equatorial crack of length b as shown in Figure 50. The void height is h, its width is 2R,

the crack extends a uniform length b around the void equator (x-y plane), and a remote

37I



I
stress a is applied in the z direction perpendicular to the plane of crack growth. An

effective stress intensity factor K for this flaw geometry is

K = 3Cr(itb)1/2  (1)

where the dimensionless geometric term P3 is given by

3= 2/i + B(1.12Kt - 2/h -l)(R/(b+R))1 0 + (R/(b+R)) 1.8  (2)

Here Kt is the elastic stress concentration factor for the ellipsoidal void or inclusion

(without the crack), and depends on the aspect ratio h/2R. The constant B is 1.0 for a void.

2.0 for a bonded cracked inclusion, and 0.3 for an unbonded inclusion. Note in Figure 50

that the total length of the initial cracked inhomogeneity is 2R + 2b. Since b is the physical

crack length, the ratio R/(b+R) in Equation (2) represents the portion of the initial

inhomogeneity which is assumed to be cracked. When b >> R, this ratio = 0, and

Equations (1) and (2) reduce to the stress intensity factor solution for an "ideal" embedded

elliptical crack (i.e., the void or inclusion no longer has an influence on K). At the otherI extreme, when b = 0, R/(b + R) = 1, so that the stress intensity factor is zero from

Equation (1) and (2) (i.e. the inhomogeneity is no longer cracked). Since it is not known a

priori what portion of the initial inhomogeneity should be treated as a crack, the ratio

R/(b+R) in Equation (2) is treated as an experimental parameter [28].

The Trantina-Barishpolsky stress intensity factor solution must be modified to account for

the location of the microstructural feature near the bore of the hole and the noncircularity of

the feature. This was accomplished by defining the following stress intensity factor:

K = (KT-B/K,7Znny)* KN-R (3)

Here KT-B is the Trantina-Barishpolsky stress intensity solution for an infinite plate,

Kpnny is the stress intensity solution for a circular penny shaped crack in an infinite body,

and KN-R is the Newman and Raju [29] stress intensity factor solution for a surface or

corner crack. To account for noncircular cracks, crack growth in the major and minor

directions where analyzed by defining Kpenny with respect to the major and minor axes.

When a test specimen is examined, the dimensions and location of the microstructural

feature can be measured on the fracture surface. These values can be used to calibrate the

model or test the model. Figure 51 shows the calculations for a pore at the center of a bore

hole and an inclusion at a comer. The model accurately calculated both fatigue lives.
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3However, before fracture the exact location and size of the feature are unknown and should

be considered as random variables. Distributions for feature size, shape, location, and type3 can be determined from examination of the fracture surfaces from failed test specimens.

These distributions can than be used to calculate the distribution of fatigue life. This is

shown schematically in Figure 52.

The model can now be used to examine the effects of changing the distributional

characteristics of the material. Table 19 compares the fatigue improvements based on four

different distributional assumptions. The first material is old quality 7050 thick plate. The
Snicrostructural feature is microporosity with a Weibull (ji = 0.204, Y = 0.044. 0) size

distribution located randomly along the bore of the hole. The fatigue stress at 100000

cycles is 110 MPa. The second material is a new quality 7050 thick plate that has a

measured microporosity distribution of Weibull (pi = 0.112, a =0.036, 0). The fatigue

stress at 100000 cycles is 125 MPa. For the low porosity material, the size of

microporosity is significantly reduced but the failures now occur at particles located near

the hole comers and the resulting fatigue lifetimes are not improved over the new quality

Splate. Thus to improve the open hole fatigue performance, a concurrent reduction in both

the microporosity and the constituent particle levels is required. It is predicted that this

j could give a fatigue stress at 100000 cycles of 150 MPa. This should represent the fatigue

performance of the low particle plate where specimens were taken from the T/4 location and

thus had reduced microporosity levels along with the reduction in particle sizes.

When comparing material and performing trade studies it would be useful if the size

distribution of features controlling fatigue initiation measured on a fracture surface could be

determined without conducting a large number of fatigue tests. Quantitative metallography.

performed on polished (random) cross sections, characterizes the average micropore or

particle size (or distributional information). However, fatigue cracks initiate at the largest

flaws and are thus controlled by the extreme values of the distribution. Therefore, it is

important to understand the relationship between polished random surfaces and fracture

surfaces. Extreme value statistics using the surface area at the high stressed location for

scaling could be used to convert random surface distributions to fracture surface

distributions.

Il As an example of the above method 40 fields were measured on random surfaces of a 7050

thick plate using an optical microscope. Each field measuring 773332.3 pm 2 for a total of

(30.9333 mm2. The total number of particles measured were 4256. The maximum
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dimension followed a lognormal distribution with X = 2.364 and • = 0.5639. The extreme

value distribution when the original distribution in lognormal can be shown to be

SFXn(y) = exp( - (Vn/y)K) (4)

where Vn and K are parameters based on the number of samples and y is the maximum size.

For the standard 0.5 in. round specimen the parameters are Vn = 134.7 and K = 8.88.5 Measurements using a scanning electron microscope were also made on the plate. This

resulted in a smaller total area (1.2385 mm2) measured and fewer particles (137 Fe
particles). The maximum dimension distribution was also lognormal with ) = 1.995 and

-- 0.6403. The extreme distribution for the 0.5" dia specimen has the following
parameters, Vn = 127.5 and K = 7.753. A comparison of these two distributions is shown

in Figure 53. Fatigue life predictions based on this assumption have not yet been made,
however, distributions have been derived from the random plan which are similar to3 fracture distributions. This indicates that a feature's size distribution will be conditioned on

the area from that it was m,.asured.

I Finally, the above model does a good job of predicting fatigue life at relatively high
stresses. As the fatigue stress is lowered and the material is improved, the model under3 predicts the fatigue life. A possible reason for this is that at low stresses and for very small

microstructural features, the initiation stage of fatigue is contributing a larger fraction of the3 total lifetime of the specimen. Thus it is necessary to have some way of predicting the time

to initiate a crack.

I
3 4.3 Initiation modeling

Using probabilistic estimates of the initiation life and the above growth model will provide

I more accurate fatigue predictions. This model will enable detailed trade studies involving
materials with different microstructures. However, first an initiation model which is linked£ to the microstructure must be developed. Two differing methods are currently being

investigated under this project and concurrently on other projects.

5 The first procedure starts with a detailed characterization of microstructural features from

which fatigue cracks initiate. The effects of inhomogeniety type (micropore or constituent3 particle), size, shape, location, and clustering are being incorporated into a deterministic

model based on metallographic images of the microstructure. Once this model has been
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5 demonstrated probabilistic information will then be included. Fatigue cracks in 7050 thick

plate develop at porosity and clusters of constituent particles. Figure 54 shows a cluster of5 particles of the type that could initiate a fatigue crack. The simplest characterization of the

cluster is an ellipsoidal region with an effective elastic modulus, Ep, related to the local
volume fraction. The stress concentration in the matrix as a function of the ratio of Ep/Em

and ellipsoid shape can then be determined. The plot in Figure 55 shows that for hard
particles, Ep/Em > 1, the stress concentration in the matrix is insensitive to shape while for
""soft" particles and voids the stress concentration is highly sensitive to shape.

Treating the ellipsoidal region as an effective medium assumes that the only information
required is the local volume fraction. A finite element model can be used to account for the

structure within the ellipsoidal region, Figure 56. Detailed stress and strain fields around

the cluster of particles can provide information on that to base a measure of initiation life. It
is expected that residual stress effects will be important for near surface particles and3 particle clusters. Once the FE based model is developed important distributional

information can be included.

An alternate method of modeling crack initiation is with the Stochastic Theory of Fatigue,

Emptage and Shaw [30]. This theory is based on a combination of the theory of diffusion
in the presence of a stress field with activated state theory. While it would not give a

quantitative link between microstructural features and fatigue initiation, it is likely that the

Sdistribution of initiation life could be modeled. This could easily be the starting point for a

growth model.U
3 4.4 Application of models

One application of the model is comparing the initial size distributions of microstructural

features that have equivalent fatigue lives. For example, as the microporosity is reduced in
7050 thick plate, constituent particles will become the next feature to initiate cracks. Thus,5 the size distribution of particles located at a corner of a hole that has the same distribution of

fatigue lives as the new quality plate was calculated, Figure 57. When a low porosity 70503 variant thick plate material was tested, the size distribution of particles on the fracture

surface causing initiation compared well to the calculated distribution, Figure 58. The next

logical improvement is reducing the size and number of particles in the material. A

sufficient change in particle distribution would drive the failure mode back to porosity.
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I Table 19 compares the fatigue stress at 105 cycles for old quality, new quality, low

porosity, and low particle plates. The models predict a 36 % increase in stress level for the3 low particle - low porosity plate.

The models under development are material generic in the sense that given the proper3 material microstructural distributions, the fatigue life could be determined. This enables the
models to be used to compare not only differing qualities of the same material but different
alloys. A material with better crack growth characteristics versus one with a smaller initial

size distribution could be compared at a given low probability of crack exceedence.

I The probabilistic nature of the models allows the engineer to set an acceptable part

reliability and design (or evaluate) the part to this level of reliability. This is demonstrated
I by comparing inspection intervals for the two qualities of 7050 thick plate [31 ]. Using the

initial size distributions given above and reliability index of 3.71 (probability of failure of3 0.0001) the inspection intervals were 3450 flight hours and 4350 flight hours. The

degradation of reliability with flight hours is shown in Figure 59. Similar types of5 comparisons can be made for design examples also.

1 4.5 Summary of Modeling Work

I Examination of the fracture surfaces from fatigue tests of 7050 alloy plate indicate that
constituent particles and microporosity are the major sites of fatigue crack initiation and3 growth. The probabilistic characterization of these sites has been completed for two

qualities of materials. Work on developing the failure distributions from distributions3 determined on a random plan has begun.

Models for predicting fatigue initiation and growth are under development. The growth

Smodel is completed for an open hole specimen configuration. The probabilistic description
of the model parameters has been included in the growth model. This enables comparison5 of component reliability based on changes in material quality.
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4.6 Future Work

An area of future work is to complete the initiation modeling and incorporate it into the

growth model. Work on the finite element and the stochastic fatigue approaches are
continuing and should be completed in 1993. After the models are completed they will be5 incorporated into the growth model.

Another area of future work is the modeling of the "short crack" growth characteristics of

ml the material. Short crack growth exhibits more scatter and different distributional
characteristics from long crack growth. Thus in a probabilistic model it is important toI understand the short crack growth regime.
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* 5. Summary

• Five microstructural variants of alloy 7050 plate have been evaluated. The hierarchy

of microstructural features which affect the fatigue initiation process have been identified.
The controlling microstructural features are, in order of their influence on fatigue initiation,5 microporosity, constituent particles, grain structure.

I Extrinsic sources of damage initiation may affect fatigue durability. The quality of
"holes in open hole fatigue specimens was seen to override influences of microstructure in

controlling fatigue lifetimes. However, when simple procedures were used to ensure good

quality holes (de-burring), damage initiation was shifted back to intrinsic microstructural
sources. Thus, the lifetime improvement associated with reductions in microstructuralI inhomogenieties can be realized for structural applications when manufacturing quality is
controlled.

I • The quantification of microstructural features metallographically on random cross
sections is key to developing predictive strategies for fatigue durability based on

microstructure. Constituent particle distributions in 7050 plate have been quantified and are
provided as input for models to predict fatigue initiation.

I • Two of the three proposed microstructural variants of Al-Li alloy 8090 plate have been

obtained, and testing and evaluation is in progress. However, due to changes in program

emphasis all work on the Al-Li has been suspended. Formal notification from the ONR of
the desire to stop this work will be sought.

• A microstructure based modeling approach has been demonstrated for alloy 7050

plate. The approach uses a growth model to predict fatigue lifetimes from extreme value

distributions of microstructural features. The incorporation of models to predict initiation
from microstructural features is being sought.
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Table 1. Summary of the 7050 materials used in this study and the key microstructural
features which may affect fatigue damage initiation.

Material Product Thickness Key Microstructural
_...._(in.) Features

Old Quality Plate 5.7 Large porosity

New Quality Plate 5.7 Porosity

Low Porosity Plate 6.0 Small porosity, constituent
particles

Low Particle plate 6.0 (T/4) Small constituents, thick
plate grain structure

Thin Plate 1.0 Refined grain size and
constituent particles
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Table 2. Smooth axial stress fatigue lifetimes of the old and new quality thick plate
materials tested at 35 ksi maximum stress, R--0.1, frequency = 10Hz, in laboratory air.

Old Quality Plate New Quality Plate
Fatigue Lifetime (cycles) Fatigue Lifetime (cycles)

49449 75288
55090 103836
57456 107027
58014 107171
58896 107810
58943 108906
62270 112400
62379 112761
63122 114758
64419 116371
64512 118400
66885 119033
67576 120531
68266 120887
68768 128412
70044 128882
70511 133345
71263 135235
71508 135330
72521 135682
73524 138373
73549 140414
74019 141312
76094 149256
77218 150733
77251 150869
78366 153272
78557 167284
78566 183048
79290 183864
84529 197529
86811 197811
90017 203406
100708 207258
101013 207904
105447 243624
121650 256610
149486 271941

151046 281576
230417 382160

395136
432631
472097
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I
Table 3. Open hole specimen fatigue lifetimes of the old and new quality thick plate
materials tested at, R--0.1, frequency = 30 Hz, in laboratory air.

Old Quality Plate New Quality Plate
Max. Net Stress Fatigue Lifetime Max. Net Stress Fatigue Lifetime

(ksi) (cycles) (ksi) (cycles)

14.8 222798 20.0 1140859
14.8 323600 20.0 5439135
14.8 2951624 20.0 9559168
14.8 356549 20.0 1000000(0*
14.8 313328 20.0 100(0000*
14.8 309256 22.5 84802
14.8 738525 22.5 266450
14.8 384130 22.5 2556780
14.8 4990222 22.5 3682500
14.8 214355 22.5 4103734
18.5 119328 25.0 55848
18.5 164739 25.0 141250
18.5 109775 25.0 180413
18.5 119278 25.0 195180
18.5 180611 25.0 198871
18.5 181971 30.0 3287118.5 171245 30.0 39402

969579 30.0 39978
18.5 172288 30.0 46207
24.6 35785 30.0 49267
24.6 33910
24.6 47812
24.6 45406
24.6 46641
24.6 49285
24.6 42889
24.6 45836
24.6 49292
24.6 55290
30.8 27500
30.8 28323
30.8 20590
30.8 17806
30.8 19967
30.8 17888
30.8 22011
30.8 237541 30.8 25557
30.8 15949

* Specimen did not fail.
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I
Table 4. Calculated stress corresponding to specified lifetime for open hole fatigue tests of
new and old quality plate based on Box-Cox transformation analysis of the data.

-Maximum Net Stress (ksi)

105 Cyclic Lifetime Infinite Lifetime
95% Lower 95% Lower3 Metal Quality Mean Conf, Limit Mean Conf. Limit

Old Quality 20.1 16.9 10.8 7.7

3 New Quality 26.5 22.6 17.7 13.9

% Change 32% 34% 64%7 81%

I
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I
Table 5. Smooth axial stress fatigue lifetimes of the new quality and low porosity thick
plate materials tested at 40 ksi maximum stress, R=O. 1, frequency = 10 Hz, in laboratory
air.

I New Quality Plate Low Porosity Plate
Fatigue Lifetime (cycles) Fatigue Lifetime (cycles)

1 35904 167376
53997 201840
56700 237544
56758 250480
61998 298211
64127 380594
67833 422354
68977 461445
68977 483758
72568 497462
76699 513329
82611 612652
87348 702581
88248 960660
93830 997175
98076 1000000*
104098 1000000*
121259 1000000*
123271 1000000*
123710
127258
149077
149745
356202

*Specimen did not fail.
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U
Table 6. Open hole specimen fatigue lifetimes of the low porosity thick plate and the thin
plate materials tested at , R=0.1, frequency = 30 Hz, in laboratory air.

Low Porosity Plate Thin Plate3 Max. Net Stress Fatigue Lifetime Max. Net Stress Fatigue Lifetime
(ksi) (cycles) (ksi) (cycles)

20.0 428453 28.0 1220516
20.0 5877762 28.0 28F9780
20.0 7428034 28.0 3560315
20.0 10000000* 28.0 1258308
20.0 10000000* 28.0 3155274
22.5 230350 30.0 64367
22.5 782052 30.0 932041
22.5 1188050 30.0 661553
22.5 94081 30.0 145498
25.0 58740 30.0 237611
25.0 106857 30.0 1421982
25.0 136467 30.0 212123
25.0 111781 32.5 56390
25.0 852700 32.5 177300
30.0 43998 32.5 52476
30.0 52939 32.5 49150
30.0 51641 32.5 49470
30.0 49750 35.0 71850
30.0 58535 35.0 52287

35.0 44815
35.0 65332
35.0 50498

*Specimen did not fail.
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Table 7. Open hole specimen fatigue lifetimes of the low particle thick plate material tested
at , R=0. 1, frequency = 30 H4z, in laboratory air.

* Low Particle Plate
Max. Net Stress Fatigue Lifetime3 (ksi) (cycles)

25.0 2889780
25.0 3560315
25.0 1258308
25.0 3155274
25.0 64367
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I
Table 8. Hierarchy of fatigue initiating features in 7050-T7451 plate.

Dominant Microstructural Feature

I Material Smooth Fatigue Open Hole Fatigue

(round bars) as-machined holes de-burred holes

Old Quality Plate Coarse Coarse Coarse3 Microporosity Microporosity Microporosity

New Quality Plate Microporosity Hole Quality/ Microporosity
Microporosity

Low Porosity Plate Fine Microporosity Hole Quality Constituent Particles

Low Particle Plate - Grain Structure

Thin Plate Grain Structure/ - Grain Structure/
Constituent Particles Constituent Particles
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Table 9. Select parameters for constituent particles in two 7050 materials, showing the
effect of plate location and processing. Analysis was performed at IOOX magnification.

U feature New Quality Low Porosity

T/10 T/4 T/2 T/10 T/4 T/2
area fraction

mean, % 1.31 1.17 0.99 1.17 1.21 0.98
std dev, % 0.17 0.16 0.18 0.12 0.21 0.18

no. of particles 9376 ;W5- 5136 7977 6330 4256
particle density, mm- 2  303.1 210.0 166.0 257.9 204.6 137.6
longest dimension

maximum, gim 80.2 95.8 90.4 53.4 86.0 108.3
mean, gm 10.3 12.0 12.0 10.2 11.9 12.7
std dev,p.m 5.5 ±7.4 ±7.7 ±5.3 ±7.2 ±9.3

aspect ratio
mean 0.587 0.565 0.587 0.616 0.587 0.596
std dev 0.167 0.178 0.171 0.164 0.175 0.170

"area
mean, gm2  42.0 54.2 57.6 44.2 57.5 67.2
std dev, jIm 2  34.4 55.9 60.3 36.6 59.8 82.8

perim
mean, l.tm 28.8 33.2 33.9 29.1 33.7 36.1
std dev, tm 14.7 20.8 22.2 14.5 20.9 26.7

feret x distance
mean, gIm 198 191 172 195 173 164
std dev, gm 198 204 211 200 208 214
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Table 10. Number of particles counted in new quality and low porosity materials in the
specimen area of 31 mm 2.

particle size New Quality Low Porosity

A.m log (p.m) T/10 T/4 T/2 T/10 T/4 I T/2
4.8978 0.69 1401 775 643 1215 767 i 6456.0256 0.78 2047 1135 936 1664 1108 7117.4131 0.87 1420 867 688 1304 832 518
9.1201 0.96 1607 1066 829 1377 1038 606

11.220 1.05 1125 809 554 865 783 457
13.804 1.14 808 697 562 698 670 405
16.982 1.23 494 467 374 449 470 351
20.893 1.32 259 329 249 242 336 209
25.704 1.41 132 184 156 112 189 170
31.623 1.50 56 92 83 40 79 93
38.905 1.59 19 49 33 8 39 0
47.863 1.68 5 17 19 3 12 34

58.884 1.77 1 5 6 0 4 7
72.444 1.86 2 1 3 0 3 6
89.125 1.95 0 2 1 0 01 4

I
I
I

I
I

I
I
I
I 59

I



U

Table 11. Number of particle spacing counted in new quality and low porosity materials in
the specimen area of 31 mm 2.

particle size New Quality Low Porosity

pm log (pm) T/10 T/4 Tf2 T/10 T/4 T/2
1.26 0.100 110 84 78 82 111 67

1.96 0.293 83 57 80 69 90 63
3.07 0.487 68 76 58 60 75 64
4.79 0.680 48 60 46 49 58 36
7.47 0.873 112 110 87 102 111 81

11.66 1.07 73 75 72 83 94 75
18.20 1.26 100 71 71 108 112 86
28.40 1.45 146 90 62 96 99 64
44.33 1.65 138 91 71 100 94 75
69.18 1.84 196 113 71 171 124 59

108.0 2.03 268 194 95 250 140 100
168.5 2.23 323 205 132 286 168 92
263.0 2.42 376 238 143 281 207 126
410.5 2.61 292 223 123 242 179 101
640.8 2.81 85 69 60 84 84 58
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Table 12. SEM image analysis data obtained on four 7050 materials, separating AI7Cu2Fe
and Mg2Si particle distributions.

3 New Quality Low Porosity

all Fe Si all Fe Si
area fraction

mean, % 0.304 0.187 0.090 0.551 0.379 0.118
std dev, % 0.153 0.099 0.079 0.449 0.425 0.077

no. of particles 312 138 170 339 137 199
particle density, mm-2  259 111 137 281 111 161
longest dimension

maximum, gm 31.1 25.0 31.1 44.8 44.8 28.1
mean (normal), gm 5.3 6.9 4.1 5.8 9.0 3.7
std dev (normal), gam ±4.7 ±5.0 ±4.0 ±5.6 ±6.4 ±3.6

aspect ratio
mean 0.52 0.51 0.51 0.56 0.52 0.59
std dev ±0.20 ±0.20 ±0.20 ±0.17 ±0.17 ±0.17

area
mean, pgm 2  11.0 16.8 6.5 18.2 34.3 7.3
std dev, [m 2  ±16.5 ±19.7 ±11.7 ±38.0 ±52.6 ±16.2

perim
mean, pLm 14.6 19.3 11.0 16.4 25.5 10.3
std dev, [am ±13.1 ±14.8 ±10.2 ±17.3 ±21.5 ±9.7

3 Low Particle Thin Plate

__ all Fe Si all Fe Si
area fraction

mean, % 0.071 0.021 0.047 0.427 0.184 0.210
std dev, % 0.057 0.016 0.050 0.111 0.085 0.054

no. of particles 198 48 150 926 206 714
particle density, mm-2  164 38 121 768 166 577
longest dimension

maximum, .m 11.8 7.4 11.8 24.5 24.5 14.0
mean (normal), pm 3.0 3.7 2.8 3.6 5.8 3.0
std dev (normal), gm ±1.8 ±1.8 +1.8 ±2.6 ±3.5 ±1.9

aspect ratio
mean 0.60 0.55 0.61 0.53 0.45 0.55
std dev ±0.17 ±0.15 ±0.17 ±0.19 ±0.17 ±0.18

area
mean, ptm 2  4.2 5.4 3.9 5.3 11.1 3.6
std dev, pim2  ±5.3 ±3.8 ±5.6 ±8.4 ±14.6 ±4.1

perim
mean, pm 8.5 10.1 7.9 9.6 15.2 8.0
std dev, pm ±4.9 ±4.7 -±4.9 ±7.0 ±10.1 ±4.6
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I Table 13. Comparison of particle distributions obtained at 1OOX (sample area 30.9 mm2 )
on optical images and 250X (sample area 1.24 mm 2 ) on SEM images.

I New Quality Low Porosity

___________I_ bX 250X lOOX 250X
I area fraction

mean, % 0.99 0.30 0.98 0.55
std dev, % 0.18 0.15 0.18 0.45

no. of particles 5136 312 4256 339
particle density, mm-2  166.0 258.7 137.6 281.1
longest dimension

maximum, 4.m 90.4 31.1 108.3 44.8
mean (normal), gnm 12.0 5.3 12.7 5.8
std dev (normal), g.m + 7.7 ±4.7 ±9.3 ±5.6

aspect ratio
mean 0.59 0.52 0.60 0.56
std dev ±0.17 ±0.20 ±0.17 ±0.17

area I
mean, pm 2  57.6 11.0 67.2 18.2
std dev,•pn 2  ±60.3 ±16.5 ±82.8 ±38.0

perim
mean, pm 33.9 14.6 36.1 16.4
std dev, gm ±22.2 ±13.1 ±26.7 ±17.3
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Table 14. Comparison of particle distributions obtained at IOOX on transverse and
longitudinal sections at the T/4 plate location in alloy 8090 variant I plate.

i transverse longitudinal

area fraction

mean, % 0.830 0.754
std dev, % ±0.084 ±0.094

no. of particles 8336 6226
number density, mm- 2  268.5 199.8
longest dimension
maximum, gtm 39.70 74.81
mean (normal), gtm 7.37 8.59
std dev (normal), gam ±3.55 ±5.35

aspect ratio
mean 0.706 0.646
std dev ±0.131 ±0.158I ~ ~area .....
mean, prm2  

30.37 36.86
std dev, pm2 +25.97 ±37.30

I perim
mean, [.m 21.92 24.68std dev, .m ±9.82 ±13.99
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1 Table 15. Intensities for components of texture in alloy 8090 variant 1 plate.

euler angles [deg] intensit'
comp. 0 max interpolad

cube (001)<001, 10.0 0.0 0.0 1.67 1.67
goss 1011),112, 90.0 45.0 0.0 1.49 1.59
brass {110)}112> 64.9 45.0 0.0 1.55 1.71

2 54.9 24.4 10.0 2.11 2.38
3 40.1 24.7 20.0 2.38 2.50
4 15.0 25.2 30.0 3.22 3.16
5 7.5 25.4 40.0 4.16 3.97

copper {1121,111> 0.0 29.6 45.0 4.29 4.20
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!
3 Table 16. Results of tensile tests in L and LT orientations for alloy 8090 variant 1 plate.

TYE R&N

YS UTS et YS UTS eu et k n
ksi ksi % ksi ksi % %

L 59.2 68.6 3.2 59.8 68.7 2.63 2.63 88.3 0.067
60.3 70.2 3.2 60.4 69.6 2.68 2.76 89.1 0.068

ave 59.8 69.4 3.2 60.1 69.2 2.65 2.69 88.7 0.068
LT 53.4 67.8 4.7 54.3 66.7 1.99 2.09 92.4 0.086

53.4 66.3 3.6 53.7 65.7 1.76 1.76 92.2 0.087
ave 53.4 67.0 4.2 54.0 66.2 1.87 1.93 92.3 0.087

!
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Table 17. Smooth axial stress fatigue lifetimes for alloy 8090 variant I plate tested at
R=0.1, frequency = 30 Hz, in laboratory air.

Longitudinal Orientation Transverse Orientation
Maximum Lifetime Maximum Lifetime

Stress (ksi) (cycles) Stress (ksi) (cycles)

45 108,883 45 44,539
45 87,854 45 35,079
45 83,116 45 67,313
45 76,740 45 41,018
45 96,481 45 15,866
40 200,282 40 116,049
40 215,341 40 79,656
40 217,255 40 138,073
40 236,836 40 77,588
40 196,054 40 62,333
35 479,473 35 342,705
35 365,679 35 358,575
35 381,585 35 103,618
35 331,307 35 976,533
35 456,746 35 956,127
30 2,587,541 30 736,300
30 10,035,853* 30 10,000,000*
30 10,640,822* 30 1,464,968
30 2,273,812 30 16,907,596"
30 11,582,124* 30 10,316,368"

*Specimen did not fall.
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I
Table 18. Open hole fatigue lifetimes for alloy 8090 variant I plate tested at R=0.1,
frequency = 30 Hz, in laboratory air.

Longitudinal Orientation Transverse Orientation
Maximum Lifetime Maximum Lifetime

Stress (ksi) (cycles) Stress (ksi) (cycles)

S30 38,150 30 35,080
30 47,050 30 35,830
30 37,110 30 44.690
30 49,790 30 31,340
30 49,860 30 787,930

30 30,780
25 141,340 25 529.620
25 256,740 25 675.890
25 272,060 25 524,630
25 185,600 25 118.430
25 324,060 25 106,920

25 601,590
25 6.469,560

22.5 358,120 22.5 310.170
22.5 984,310 22.5 1.857.520
22.5 1,219,890 22.5 1,228,630

22.5 1,053,300 22.5 10.358,580
22.5 756,160 22.5 5,433.430
20 5,697,990 20 3.421.200
20 1,286,790 20 14.887.840*
20 1,078,970 20 14.481,250*
20 4,528,340 20 5,545,310
20 14,492.110* 20 6.935.400

2() 1 3.466.970*

*Specimen did not fail.
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I Table19. Comparison of the calculated material fatigue strengths and improvements in
open hole fatigue for 7050 plate materials.

5 Material Fatigue Stress at % Improvement Failure Mechanism
105 c1'cles (MPa)

Old Quality Plate 110 - Microporosity

New Quality Plate 125 14% Microporosity

Low Porosity Plate 125 14% Constituent Paritcles

Low Particle Plate 150 36% Micropores/

_ Constituent Particles

6
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I
I
i
I
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i
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Figure 8. Cumulative smooth fatigue lifetime distributions for old and new quality plate.
Tests conducted at 35 ksi max. stress, R=0.1, 10 Hz, LT orientation, lab air.
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i Figure 9. Open hole fatigue lifetimes for new and old quality plate. Tests conducted at
R=0. 1, 30 Hz, LT orientation, lab air.
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Figure 10. Cumulative smooth fatigue life distributions for new quality and low porosity
thick plate. Tests performed at 40 ksi max. stress, R--O. 1, 10 Hz, LT orientation,
laboratory air.
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Figure 15. Crack initiating micropore length versus cycles to failure in smooth fatigue

specimens of old and new quality 7050 plate tested at 35 ksi maximum stress, R=O. 1, 10 Hz,
in laboratory air.
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I Figure 19. Fatigue initiation in open hole specimen from constituent particle located at the hole
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with holes as-machined and holes de-burred. Tests conducted at R=0. 1, 30 Hz, LT
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Figure 41. X-ray pole figures obtained from samples taken from the T/4 plate location.1 111
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I Figure 52. Schematic representation of the calculation of open hole specimen fatigue
lifetime in 7050 plate from initial distributions of micropores located in the hole bore and5 particles located at the hole corner.
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Figure 53. Calculated extreme value distributions of constituent particles based on random
plane measurements of paritcle distributions made using optical and scanning electron
microscopes.
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I Figure 55. Calculated stress concentration factor for ellipsoid region of high particle volume
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