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SUMMARY

A study is conducted on the effects of the drilling of fastener holes in 2024-T3
aircraft quality aluminum. The effects are researchedA using three techniques: a
comparison of four hole surface quality metrics, x-ray diffraction, and fatigue at three
stress intensities. Six production-line factor variables are considered: the experience of
the operator, the use of a pilot hole, the length of the bit, the condition of the bit, the axial
pressure or feed rate, and the rotational speed of the bit upon withdrawal from the hole.
The four hole quality metrics employed are surface roughness, conicality, the number of
large gouge marks, and the angle of those marks. The pilot hole was found to produce
the greatest overall effect on hole quality, improving hole quality with its use. X-ray
diffraction was used td attempt to measure the relative residual hoop stresses induced by
the six drilling factors. Tests found that samples could not be compared using this
method due to problems resulting from the combination of the specimen geometry, hole
surface quality, and the properties of the aluminum alloy. Fatigue tests are conducted at
25, 21, and 17.5 ksi on both as-drilled and chemically polished specimens. These tests
suggest that, although residual stresses do appear to have an effect, hole quality is the

predominant factor affecting fatigue life.
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CHAPTER I: INTRODUCTION

The structural integrity of an aircraft dgp{ends upon a host‘of complex factors.
One such factor is the joining tdgether of the yarious components, whether by welding,
mechanical fastening, or adhesive bonding. In particular, the joining of the fuselage skin
panels to each other and to the frame provides a large portion of the structural strengfh for
the entire aircraft. This thin layer of external material ties together and protects the
fuselage, and is subjected to some of the harshest conditions and highest stresses of the
entire airframe. The most popular material for this application is aluminum, which is
typically fastened together with rivets. These rivet holes produce regions of concentrated
stress where cracks can form and grow, often hidden beneath the upper layer of the joint
or by the head of the rivet.

The infamous Aloha Airlines Flight 243 in 1988 vividly demonstrates the
importance of aircraft fastener hole fatigue. While in flight, an 18 foot long section of the
fuselage was ripped from the aircraft at 24,000 feet, killing a flight attendant and injuring
65 passengers. The incident was attributed tb cracking along a row of rivets in the
fuselage skin, caused by a combination Qf fgtigue cracking and ‘corrosion.‘ The cracks
from multiple rivet holes linked up, resullt;i%ng‘ in catastréphic failure.

The overall track record of modé;r; ::fcvqmmercial aviation, however, has been very
positive. Flying is one of the safest fonnsof transportation due to high standards of both
design and maintenance. In fact, many Ta:i"rcraft greatly outperform their designed life
expectations. As an airframe ages, howéa;'er, costs due to increased maintenance and

inspection mount, reducing its proﬁtabilit}/. ‘



The aging of the world’s commercial aircraft fleet has prompted the Federal
Aviation Administration to establish an ongoing effort to study and monitor long-term
damage effects such as fatigue cracking. The results allow the agency to provide the
industry with a list of maintenance and inspection concerns, and to.occasionally mandate
procedures to ensure continued safety.

This study is a part of that effort, and seeks to increase the understanding of the
present condition of in-service aircraft and to improve future design through better
fatigue models. It is primarily concerned with the effects of production-line drilling
procedures on fatigue life, and in particular on the formation of residual stresses and
machining marks in fastener holes due to the drilling process. It examines the
interrelated effects of the beneficial compressive residual hoop stress and the deleterious
surface machining marks, and will show tilat the hole surfaée quality effec;ts outweigh the
subsurface stresses. Three methods of investigation are employed: hole surface quality
comparisons, x-ray diffraction, énd fatigue Vt‘estiﬁg.. | |

Chapter 2 gives an overview of the concepts related to fatigue life and of research

related to this study. Chapter 3 details the préperties of the material tested. Chapters 4-6

explain the designs and procedures of the tests of hole surface quality, x-ray diffraction,
and fatigue life. Chapter 7 gives the significant results of these tests, and interprets their
meanings. Chapter 8 lists the Cc'Jncilﬁ‘sio:n‘s“rijéde, and Chapter 9 recommends future work -

to answer new questions raised by»th‘is study.



CHAPTER II: BACKGROUND

Although drilling may appear to be a simple process, perhaps due to the fact that
it is so common, it is in fact deceptively complex. The drill bit has a geometrically
complex helical shape and is relatively flexible along its axis. It has two cutting edges
working simultaneously inside the workpiece itself. Chips must be removed upwards
through the bore, interfering with lubrication and cooling'. Since fuselage skins are
fractions of an inch thick, these issues are greatly reduced, but other drilling factors
become important. Some of the primary factors are the material and geometry of the bit,
vsharpness of the bit, the workpiece material, and human factors such as steadiness of
hand, strength, experience, and even the time of day and the day of the week.

The effects of drilling on the workpiece may be as complex as the drilling process
itself. Although primarily a material removal process, the mechanical action of the drill
also deforms the area around surface of the hole. The bit leaves scratches and gouges in
its path, which may become stress concentrations. The surface is also strained, causing
strain hardening and inducing either compressive‘ or tensile residual stresses, which
extend radially outward some distance from the bore of the hole. Some amount of heat is
generated by the process, which may, up(;)n cooling, induce additional residual stresses, or
even cause phase transformatiohé. o

Therefore, since drilling is bo'tih' ajcommon and complex machining process, much
research is needed to fully understéﬁdithe interactions of all of these factors. This

understanding will bring improvements to the process and enable optimization of the



factors for each application. Many studies have already been conducted, and have

yielded valuable clues to the effects of drilling on the workpiece.

2.1 AGARD R-732

One such study on the effects of drilling, conducted by the North Atlantic Treaty
Organization’s Advisory Group for Aerospace Research and Development (AGARD) in
1988, found that there were significant differences in the fatigue lives of two sets of
fastener holes drilled by independent parties®. Both parties drilled the holes using the
same batch of material provided by the National Aeronautics and Space Administration
(NASA), which were then chemically polished using the same one-minute chemical
polishing procedure to “smooth machining marks én the notch surface and to debur the
edges of the notch.” The holes were then tested under constant amplitude loading at R =
0 and R =-1. These tests found a large difference in the fatigue life between the sets of
holes tested at R = 0, as shown in Figur;: 2-1. In this figure, the squares, marked L-1,
represent the specimens from one provider, and the x’s, marked WP-1, represent the
specimens from the other provider, all polished for one minute. These results show that

the holes both lasted much longer than predicted and had a large amount of Variabil'ity.
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Figure 2-1 Cycles To Failure For Specimens Polished For One Minute?

The investigators suspected that machining residual stresses were the cause of
these discrepancies, and sought to eliminate the effect for the purpose of the study. A
sample mounted with strain gages indicated that the samples from the different providers

had compressive residual stresses of 15 MPa (2.2 ksi) for the “L” specimens and 70-95
MPa (10.2-13.8 ksi) for the “WP” spccimens; which was consistent with the results from

ot

the fatigue tests.

Additional specimens from both' piroviders were polished for either three or five
minutes and tested at both R = 0 and R = -1. A baseline set of samples was prepared
using a cyclic preload-shakedown procedure, which plastically yielded the notch root in
decreasing intensities. As shown in F igu}é 2-‘-2,} thé specimen polished for five minutes

(WP-5) and the preload-shakedown sample (WP-P) closely matched the prediction in the
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fatigue tests, while the specimens polished for one and three minutes (L-1, WP-1, and

WP-3) lasted longer in fatigue than predicted.
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Figure 2-2 Polished and Preload-Shakedown Tests from AGARD R-732?

This part of the study concluded that a five-minute polishing procedure was

required to remove any machining residual stresses from the fastener holes, in addition to

the removal of machiningv;rriarks andburrs This amount of polishing removed

i
o Iy - i .
I} .
Coid N

approximately 0.0008 inchesj of mater:iajlt‘ f;drjr!);all shrfaces. Considering that an effect
was still seen with three-mihuie polishiﬁg, the residual stresses should be assumed to

extend to about 0.0008 inches, or about 20 microns.



2.2 Residual Stresses

There are many ways that fatigue life can be shortened, but only a few ways that
it can be lengthened. The common methods for increasing life are plating processes such
as chrome and nickel plating, thermal processes such as carburizing and nitriding, and
mechanical cold working processes such as cold rolling and shot peening. In all three of

these methods, the benefit is primarily due to residual stresses’.

2.2.1 Causes and Effects of Residual Stresses

The cause of residual stresses is strain in a component to the point of localized
plastic yielding. Upon removal of the stress, the volume around the yielded region
attempts to return to its original position, which is resisted by the jyic:ldéd region. A state
of equilibrium is reached with regions of remaining tensile and compressive stresses.
When the deformed region is yielded in tension, a compressive residual stress forms in
that region, while tﬁe surrounding region ié left in tension. Likewise, a region yielded in
compression results in a tensile residual stress. The exact inten;ity of the residual stress
depends on both the applied stress and the geometry of the regiqn.

This process is easy to imagine with méchja;mical loads and, in fact, mechanically
induced residual stresses are :frequentl};iiﬂducgd on purpose. One common method is
radial cold expansion, by which a sleeve is iﬁserted into the hole and a tapered mandrel,
slightly larger than the hole, is forced through the sleeve’. This results in a compressive
hoop stress, which surrounds the hole 1n a tangeﬁtial direction—the best orientation to

improve fatigue life.



Residual stresses can also be thermally induced. Local heating may expand a
region enough that it causes plastic deformation and, upon cooling, residual stresses
form. Although this is usually an unwanted byproduct of another process, parts are
sometimes carburized and nitrided to induce beneficial residual stresses, and these
processes have the added benefit of increasing the strength of the surfaée material’.

Heating may also change the crystallographic structure of metals, a process called
phase transformation. This is a particular concern in steels, which easily transform
between the austenitic and martensitic phases, causing a 4% change in volume. This
change is resisted by the surrounding untransformed material, inducing considerable
residual stresses"”.

In fatigue, it is the tensile loading that is of primary concern, rather than
compressive loading. The remote tension is effectively reduced or increased locally by
the magnitude of the residual stress, depending on whether the residual stress is
compressive or tensile. This is especially important at the surface of the component,
since fatigue damage typically initiates at free surfaces. Therefore, compressive residual
stresses are beneficial to the fatigue life of components, while tensile compressive

stresses are detrimental®.

2.2.2 Machining Variables

In the majority of machining operations, plastic deformation of the workpiece by
the cutting piece is responsible for most of the residual stresses. As the tool moves along
the workpiece it plastically deforms the surrounding volume of material. When the
machined surface relaxes, the undeflying material .creates residual stresses near the

surface. One study found that, in turning processes, the magnitude of the resultant
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residual stresses is largely a function of cutting speed, depth of cut, feed rate, and tool
sharpnessﬁ. Hoop (tangential) stresses, shéwn in Figure 2-3, w‘e‘re»'th:e largest stresses
generated, and tool sharpness was the predominant factor, with stresses decreasing with
sharpness. Residual stresses for this process were largely tensile, and linearly increased
with cutting speed, linearly decreased with depth of cut, and peaked at a certain feed rate,
as shown in Figure 2-4. M'Saoubi et al.” also found that an increase in rake angle, the
angle of the cutting piece to the workpiece, led to a slight variation in the magnitude and
depth of residual stresses. These variables would generally apply to drilling, although the

hoop stresses would be reversed.
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Figure 2-3 Cutting Parameters and Stress Directions for Turning®
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Figure 2-4 Hoop Stresses as Functions of RPM and Feed Rate®

Thermal expansion in machining may contribute to the formation of significant
residual stresses. While this may be a factor in any machining process, it is of major
importance to grinding, which generates a large temperature gradiant. The heat produced
by friction creates a zone of thermal expansion, which is resisted by the cooler material
around it, as shown in Figure 2-5. When the stress of the expanded material exceeds the
yield limit of the fnaterial, plastic deformation takes place. Cooling of the surfaces

during machining can greatly reduce this effect, but a complete prediction of the residual
stress field resulting from any machining process must always take into account the

thermal loading effects® .
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Figure 2-5 Approximéted Temperature Gradient of Grinding8

These studies clearly show that the interactions between machining tools and the
workpiece result in residual stresses. Plastic deformation and temperature gradients are
the primary causes of the plastic deformations that produce these effects. Machining
processes are more complex than they appear, and their effect cannot yet be accurately

predicted.

2.2.3 Geometric and Material Considerations

The exact formation of residual stresses depends upon both the geometry of the

component and its constituégt materials. Notches, such as fastener holes, can produce
stress concentrations, whiéh:;;alvt'etr the effects of the remote stress. Different materials
may react in very different%Waﬂls, especially when it comes to temperature changes.
These concerns must be takerjl into account in order to predict the residual stresses to any
degree of accuracy. ‘

As mentioned previom?sly, residual stresses are caused by a gradient in the stress-

strain field of a component. iAn example of this would be a beam subjected a bending
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moment. In this case, one outer surface will experience the maximum compressive
stress, while the opposite surface will experience the maximum tensile stress. Yielding
will occur first at the outer surfaces, and the elastic rebounding of the deeper material will
induce the residuai stresses. A common stress gradient occurs at the base of a notch,
called a notch root. The notch causes a stress concentration at the root, causing the root
to yield first and subsequently experience the greatest local residual stresses when the

surrounding material rebounds, as shown in Figure 2-6.
be
b el
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Figure 2-6 Compressive Residual Stress Formation at a Notch Root®
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In addition to the global effects of rﬁachining listed in the previous section, local

effects of the machining processes must be considered. A widely recognized local effect
]

oL
is that of the difference between entry and exit faces in radial cold expansion, described

above. Despite the expandable sleeve, whiéh serves to protect the bore of the hole from
| .

axial deformation as the mandrel is pulled tﬁ:ough, there is still a significant difference in
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residual stresses between the entry and exit sides of the fastener hole (where the entry
side is the one which the mandrel enters). The entry side retains lower compressive
residual hoop stresses compared with the exit side. As a result, fatigue cracks usually
initiate on the corners of the hole, as shown in Figure 2-7. Lacarac et al. observed that
cracks less than about 1 mm in samples with cold expanded holes grew only slightly
more slowly than cracks of the same size in as-drilled samples. However, cracks on the
order of 2mm showed a much slower growth rate in cold expanded samples®. They
attributed this effect to the delayed contribution of residual stresses, which only become

effective as the crack penetrates through to the highly stressed exit face.
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An interesting finite element analysis investigated the effect of cold expansion on
two adjacent holes. Two models wére formed based on the sequence of expansion. In
one model, both holes were expanded simultaneously, while in the other the holes were
expanded separatelym. They found that the interaction between the holes led to increased
tensile residual stresses in the region between the two holes. Additionally, there was a
significant increase and shift in the formation of tensile residual stresses after sequential
expansion. Representative stress fields for both of these models are shown in Figures 2-8

and 2-9.
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Figure 2-8 Finite Element Mesh Used For Sequential Expanéion of Two Holes'
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There may also be important variations in the formation of residual stresses
among material types. For example, a recent study was conducted on residual stresses
resulting from abrasive waterjet machining on five different alloys, which found that one
material achieved its maximum compressive stress be]bw the surface, while all the others
were maximized at the surface. However, the other results in the study were analogous
among all materials tested'".

As mentioned above, phase transformations may induce residual stresses in some
materials. This is particularly true in certain steels. The transition from the austenite to
martensite phase results in approximately 4% volume expansion. The austenite to
pearlite transformation also produces a volume expansion'. Phase transformations are
highly temperature and material dependant, and are very difficult to predict.

Thus, the design and manufacturing of a component can be responsible for
producing residual stresses. The exact formation of the stresses is geometry and material

dependent, and may be difficult to predict.

2.2.4 Modifying Factors
Before a component is ever loaded, conditions may be applied to reduce or
eliminate residual stresses. Loading conditions and high temperatures are two common
means that can alter the residual stress fields. Another phenoménon called creep
relaxation may also reduce the residual stresses.
| Exposure to high temperéfilfé is one means of altering residual stresses. When

e

exposed to temperatures sufficiently close to the melting temperature, excitement of the
. i o

atomic bonds allows the structure to become more ‘compliant, re]aXing the residual

16 ..



stresses partially or fully. This occurs at approximately 250° F for aluminum and 500° F
for steel’.

Additional loading may also alter the stress conditions. One study found that the
application of a compressive load could significantly relax the residual stresses, and the
combination of a compressive load and high temperature exposure produced an even
greater relaxation effect than the sum of these conditions separately applied.
Interestingly, the application of a tensile stress during high temperature exposure
preserved the residual stresses, and high iemperaturé exposure during cyclic tensile
loading yielded no significant increaée in crack growth rafelz. The AGARD study
discussed in Section 2.1 used a preioaéi_—shakedpwn pr.ocyzed:hrq to Qirtually eliminate
residual stresses in two samples. The procedure consisted of 30 fully reversed (R = -1)
cycles starting well above the yield stress at the notch root and reduced by one percent
after each cycle so that the final cycles were beldw Jthe elastic limit. This procedure
created an alternating, continually. decreasing residual stress condition at the fatigue-
critical location in the samples?.

Even apart from high temperature exposure, creep relaxation of residual stresses

can occur. Creep relaxation is not complete, however, and significant benefit can still be
gained from residual stresses even after creep has occurred. In fact, an applied
mechanical load can help retain most of the benefits of compressive residual stresses'’.
The magﬁitude of the load is also a factor. If a tensile load is small, it may never
overcome the compressive residﬁal _st;eéses, énd a crack may never be able to form'.

‘However, if the tensile load i:s:‘js'u'fﬁciently large, it can almost completely relax the

residual stresses, even within a fe.\fv cycles and below the yield stress. As a rule of thumb,
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longer fatigue lives are obtained when the maximum applied stress is less than 0.5 of the
yield strength®.

The influence of the crack itself must be taken into account. As a crack grows, it
forms an area of concentrated stress at its tip, shifting the stress intensity field. During
cyclic loading, the crack face expands and contracts, making stress intensity calculations
extremely complex. Simply using superposition to calculate the stress intensity becomes
insufficient® 1. A stress intensity factor must be determined, which turns out to be the
primary factor determining crack growth. This stress intensity factor is, however,
modified by the residual stress field.

Thus the formation of residual stresses is a very complex process dependent on a
number of factors. These factors include the machining process or pfocesses, the
geometry and loading history of the cbmponent, the material makeup of the component,
and the temperature history. These factors may react with each other to produce residual
stress fields different than the sum of the individual effects. A better understanding of
these effects is necessary in order to more accurately predict the conditions in the

component, which can either extend or reduce its fatigue life.

2.3 Crack Initiation Factors

Fatigue cracks initiate at discrete locations of relative weakness or high stress.
These locations may be the result ‘of designed geometry, material imperfections; or

surface irregularities. The bulk of étheA fatigue life of a-component is spent initiating a
crack at one of these locations, ‘and:failure usually occurs relatively quickly afterwards.

Residual stresses can retard the iljitﬂi‘at'ion and growth of the crack, but once one initiates,
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it is typically just a matter of time before the component fails. Therefore, for a given
design, the quality of the surface can have a great bearing on the total life of the

component, and should be carefully considered.

2.3.1 Hole Quality

Even small irregularities in the surface can magnify the stress and increase the
chances of crack initiation. All machining processes produce these irregularities to some
degree, and drilling is no exception. Quality can be reduced in drilling by a number of
factors, including marks on the bit, imperfections in the drilling angle, vibration,
movement of the operator’s hand, or chip removal.

Machining processes always produce some amount of surface roughness. In the
case of drilling, the end of the flexible drill bit penetrates the workpiece and is followed
up by a cutting edge almost perpendicular to the tip. This geometry results in a sharp
edge at the point that is most displaced by any axial deflection, which may cause scoring.
If the bit is not perfectly orthogonal to the workpiece, or if the axis of drilling is tilted, the
edges of the drill bit flutes may also result in scoring. Any marks on the flutes will
scratch the surface of the bore of the hole as the bit spirals down through the workpiece.

- The bit may also mové as a Whole during drilling either through vibration or by
movement of the operator’s hand. This causes the bit to approach the workpiece at
different angles, which may cause the sharp edge of the bit to cut into the bore of the
hole. Vibrations may also cause the flutes to cut into the edge, resulting in a roughened
bore surface.

Chip removal can be problematic in drilling since the chips must be removed back

through the hole in the direction opposite of the drilling. These chips can become lodged
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between the flutes and the workpiece, resulting in rifling marks. Rifling marks are
scoring marks that spiral through the hole bore. |

Fastener holes can be mechanically or chemically polished to impfove the surface
roughness, but this is expensive and not normally done in production, even in the case of
fuselage fastener holes. Fasteners may flatten out some of the roughness and perhaps
induce a compressive residual stress (or a tensile load), but larger scoring and rifling is
likely to remain, especially if the material is strain hardenéd in their creation.

All of these issues increase the surface roughness of the final hole. Each mark
becomes a stress concentration when the component is subjected to fatigue, and becomes
a possible site for crack initiation. Larger marks create higher stress concentrations,

which are more likely to initiate a crack.

2.3.2 Burrs

As the drill bit penetrates the exit face of the workpiece, and also as it is removed
from the workpiece, material is often deformed outward from the bore of the hole. This
material, called a burr, is work-hardened and r¢lative1y brittle, as well as highly irregular
in shape. These burrs may provide additional crack initiation sites.

The removal of .burrsj.i‘s hn ladded machining expenée, and the reduction of burr
formation has been the subj'c:act"‘ot?' a humbef of investigat;ions. Several studies have
attempted to classify types 'of l;uqrs on the basis of fheirz shape and to ‘explain their
creation. One such study identiﬁ_é& three types of exit'burr‘éh&pes, and attributed their
creation to three similar mec;hanisms ihvolving the defovnn.ation;0f the small volume of
material at the exit face of the ho]e which is shown in Figure 2-10"7, However, this study

made no mention of burrs on the entry side of the hé)le, and the burr formation model
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suggests that an entry burr is not possible. Another study by one of the same authors
identified the same geometries of burrs, but also recognized the importance of the entry
burr. The report stated that high feed rate, cutting speed, and tool wear increase the burr
size, and that smoothness of chip flow through the hole decreased burr size, indicating
that burr formation is more than just a small, localized, exit phenomenonls. Yet ahother
study developed a different burr type classification, which was related to the presence of
a burr cap—a thin remnant of material pushed aside by the drill tip. This study attributed
burr formation to material properties and drill geometry, as well as cutting conditions'’.

A finite element analysis of burr formation was conducted by another author, but

12,

assumed only local deformation of the exit materia

W, |

Rt |

Figure 2-10 Saunders’ Model of Burr Formation at the Exit Face®

No studies could be found that explained the formation of entry burrs or that
asserted that larger-scale plasticity of the hole bore along the drilling axis contributed to
burr formation. If burr formation is indeed linked to mechanisms operating deeper in the
workpiece, then the shape of the burr may yield important clues to quality of the hole.
Since the burr is external, it might then provide an easy method of characterizing hole

quality, and perhaps estimating fatigue life.
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In aircraft assembly, fastener holes are typically not deburred since the exit faces
of the holes are usually in restrictive locations or butt up against the ffame. The burr is
likely crushed by riveting or fastening, but this may not remove the possibility that it
remains a factor in crack initiation.

Thus, it is possible that burrs may have an effect on fatigue life, since they can
serve as crack initiation sites. Several diffgring models for burr formation have been
proposed, but none that explained the formaﬁon of an|entry burr. It is likely that a correct
model of burr formation will take machining variables into account, and consider plastic
deformation that occurs throughdut the dr1111ng prociess, rather thah._‘iust at the very end.

Overall, hole quality depends on a large variety of factors, mainly grouped into
machining variables and deformation processes. Hole quality is likely to have a large
effect on fatigue life due to the stress concentrations that are formed by imperfections in

the surface. However, hole quality is a somewhat nebulous term that could be difficult to

quantify.

2.4 Finite Element Analysis

Perhaps the greatest boon for fracture mechanics and fatigue has been the
~ exponential improvements in computing. Numerical modeling is now a fundamental tool
for complex designs, especially in the realm of aircraft design. Desktop computers are
able to solve complex problems in only minutes, efficient algorithms can generate
- accurate solutions from fairly coarse meshes, and user friendly software has made the
technology available to any engineern. These finite element programs are based on the

same fundamentals of numerical methods, although they may take different approaches to
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fracture mechanics. In particular, the FASTRAN code works well for many fatigue crack

growth problems. All of these programs, however, have their limitations.

2.4.1 The Finite Element Method Concept'

The finite element method, a popular numerical method, approaches the modeling
problem by subdividing the component. These subdivisions, called elements, may have a
number of different shapes, and are all connected at nodes. These nodes maintain the
continuous structure of the component, and are given properties to estimate the behavior
of the material.

- The nodes are the key to the finite element method. Each node is given an initial
location in space, and boundary conditions are specified at particular nodal points to
constrain the body. Stresses are then applied to the body, and the resultant strain, and
therefore displacement, for each node is calcﬁlated by interpolating over each element.
This allows the distribution of stress and strain to be inferred from the displacements of
the nodes and the constitutive law?'.

The element geometry and size must be selected according to the component and
the degree of accuracy. Of course, a finer mesh of elements requires more nodes, and
therefore more calculations and longer computing time. The boundary conditions can be
incremented to simulate a dynamic system, including the release of nodal constraints to

simulate crack advance.

2.4.2 FASTRAN II
One goal of this study 1s to ;cbrfélate experimental fatigue life with the predictions
LET i

e : .
of the FASTRAN II code in order to account for residual stress effects. The design of
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this code makes it especially suitable for the modeling of fatigue crack growth _
predictions.

The FASTRAN II code is based upon the Dugdale strip yield model, which
accounts for plasticity-induced crack closure effects. Modifications were made to allow
plastically deformed material to remain on the surface as the crack propagates. The code.
also accounts for variable amplitude loading effects, such as crack acceleration and
retardation. Plane strain and plane stress conditions, as well as intermediate conditions,
can be simulated by placing a constraint factor on tensile yielding at the crack front, thus
approximating three-dimensional conditions.

- These features result in very realistic results, such as different crack growth rates
in the depth and length directions for three-dimensional configurations. Failure can also
be modeled for brittle, ductile, and intermediate materials. Almost any loading specfrum
can be modeled, including compressive and tensile loads.

A module is currently under development to incorporate pre-existing residual

stresses. The results from this study will be used to verify the results of that module.

2.4.3 Limitations of Numerical Methods

Despite the accuracy and usefulness of numerical methods, these models canﬁot
replace experiments. Although conditions at the crack tip can be simulated, final fracture
cannot be accurately predicted. These limitations afe due to the continuum assumptions
that the methods are based upon, which does not account for the imperfections of true
engineering materials.

Continuum mechanics assumes that the material is uniform on all levels, which

breaks down at the atomic level, since all ‘materials are ulﬁmétely made up of discrete

24



elements. The benefit of this assumption is that sfress can be defined at a point, enabling
the use of differential calculus. Most engineering structures are so large'that the atomic
effects can be disregarded without losing any significant accuracy.

- Discontinuities, however, exist on scales much larger than the atomic level. All
engineering materials ‘contain voids, inclusions, microcracks, and grain boundaries.
When one considers that fatigue is a crack growth phenomenon, and that cracks begin on
the micron level, these material imperfections suddenly become much larger in scale.
The random nature of these imperfections prevents them from being incorporated into
current numerical models.

Thus, finite element models produce sufficient predictions of the crack tip
conditions, and even final failure (when the failure mode is specified) when a medium-
sized crack of a given dimension is assumed, but cannot adequately predict the initiation
of a crack in a component. This deficiency requires experimental testing to provide
information about the overall behavior of engineering materials due to their random,

discontinuous structure.
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CHAPTER 11I: MATERIAL AND SPECIMENS

Each engineering application requires the careful selection of a suitable material.
The choice qf material depends on the design specifications, loading conditions, working
environment, and cost. In aviation, these factors have led to the development of
advanced materials from the common materials originally used in the first aircraft—from
wood, to special alloys, to the new advanced composite materials that are still coming of
age. In the same way, the material for this study had to be chosen to reflect the needs and
realities of modern aircraft.

Material properties differ greatly, even between batches of the same alloys. It is
therefore important to detail the properties of the chosen material, 2024-T3 aluminum,
and the characteristics of the batch of material from which the test specimens are made.

Similarly, the specimen geometry and orientation affects the fatigue life of the
specimens, and needs to be detailed. Specimen preparation has an effect as well, and
deserves consideration. All of this information composes the subject matter of the

present chapter.

3.1 History

Material weight has been an important consideration since the birth of aviation, as
the first aircraft required iightweight construction juét to get off the ground. The primary
material of early airframes was wood, covered in varnished cloth. It had to be carefully

protected from moisture, and did not provide much toughness. Aluminum became a
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practical alternative after the discovery of precipitation hardening by Alfred Wilm in
1906. Several designers experimented with aluminum in the 1920°s, but exfoliation
corrosion was a problem until 1927, when anodizing was developed in England and
Alcoa developed a cladding method 2

Further material improvements were made largely by trial and error until the
1960’s. About that time, the understanding of the properties of materials reached a point
that ddvances could begin to bg made purposefully. That purpose was provided by the
desire to manufacture supersor;ic aircfaft aﬁd by the g;dwth of fracture mechanics, which
identified specific properties governing .the performance Qf materials. The 7050-T74
alloy was developed in the 1970’s to baléﬁce the fracture toughness of 2024-T3, which
had a significant weight penalty, with the_high strength of 7075-T6, which was too brittle
to be reliably used for tension-dominated applicatioﬁs. ‘A host of other advanced alloys
were then developed for specific use in wing and empennage structures. The 1980°s saw
the development of reliable aluminum-lithium alloys with the addition of magnesium?.

The aging of the world’s commercial aircraft fleets has prompted a new focus on

life cycle cost and reliability, emphasizing the needs of commercial airlines that must not

only purchase new aircraft at reasonable prices, but also cost-effectively maintain their
aircraft for many yéars. These needs require materials that are cheap, reliable, and easily
repaired.

Advanced composite materials have taken a spotlight in recent years, with their
engineered load-bearing properties,' éiase éf complex lay-up geometries, and light weight.
Regardless, aluminum has remained the p;redominant material in the aircraft industry due

to its extensive working history and ‘material property data, as well as its ease of repair
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and environmental friendliness compared with composites. These reasons, along with
further advances in metallurgy, should keep aluminum competitive in aircraft

construction for many years to come.

3.2 Material Properties

Aluminum was selected for this study, primarily because of the fact that it is in
use by the majority of the current commercial aircraft fleet, as shown in Table 3-1. The
alloy chosen was 2024-T3. The material stock was provided by. NASA, and has been
well documented in numerous other studies. The chemical composition of this stock of

alloy is shown in Table 3-2.

Table 3-1 Material Composition By Weight in Commercial Aircraft®

.| Aircraft Aluminum | Steel Titanium PMC’s Other
Boeing 747 | 81% 13% 4% 1% . 1%
Boeing 757 | 78% 12% 6% 3% 1%
Boeing 767 | 80% 14% 2% 3% 1%
Boeing 777 | 70% 11% 7% 11% 1%
DC-10 78% 14% 5% 1% 2%
MD-11 76% 9% 5% 8% 2%
MD-12 70% 8% 4% 16% 2%

Table 3-2 Chemical Composition of 2024-T3 Aluminum Alloy?

Element Percent
Silicon 0.16
Iron 0.33
Copper - ~ 4.61
Manganese 0.57
Magnesium - | 1.51
Chromium 0.02
Zinc . . , 1 0.06
Aluminum Balance
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The T3 heat treatment designation signifies solution heat treatment plus cold-
working. Its major precipitates are Guinier-Preston zones, which are coherent clusters of
the solute elements and are of the same crystal structure as the matrix**. Average tensile

properties are given in Table 3-3.

Table 3-3 Average Tensile Properties of 2024-T3 Aluminum Alloy Sheet®

Ultimate Tensile Yield Stress (0.2 Modulus of Elongation
Strength percent offset) Elasticity Percent
495 MPa 355 MPa 72,000 MPa 21

71.8 ksi 51.5 ksi 10,400 ksi 21

Material microstructure along the nominal dimension, perpendicular to the rolling
direction, is shown in Figure 3-1. Typical grain dimensions in the LT nominal crack-
growth direction, 2a and c, are 25 pm and 55 pm, respectively. In the rolling direction,

the typical dimension is 95 pm 2.
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Figure 3-1 Microstructure Perpendicular to Rolling Direction®

3.3 Specimen Properties and Geometry

As with all the parameters of this study, the specimens were designed to represent

real aircraft conditions, while still reducing the variables to those that are core to fatigue

life and residual stresses. The dgsign' of the specimens reflects these desires by modeling

a fastener hole in tension w1thout 1ntr0d901€1é bending forces.

3.3.1 Microstructural Orientation ‘

Coupons were of two different }ﬁicrojstructural orientations. The majority of the
| R

coupons, including all hand- ana mach_iﬁe-dle‘illed fatigue coupons, were oriented in the
LT direction. A few baseline co‘ubons Were (f)fiented in the TL direction. All coupons in

this paper are in the LT direction unless otherwise stated.
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3.3.2 Specimen Geometry

A11‘ LT coupons had dimensions: length L = 11.00 inches (27.94 cm), width 2W =
2.00 inches (5.08 cm), and thickness B = 0.09 inches (2.3mm), as shown in Figure 3-2.
The TL coupons had the same geometry, except that they were 12.00 inches long. . All
specimens were inscribed at the top and bottom with a unique identification number of
the format A##N8-#(-TL), for example A92N8-8 for an LT sainple or A34N7-9-TL for a
TL sample. All specimens were filed at the edges to remove machining marks. The
fatigue test specimens were through-the-thickness, center-hole coupons, as illustrated in

Figure 3-2.

A

i
O__0.188” 2.000”

N4

h 4

A

11.000”

A
0.090”
Figure 3-2 LT Specimen Geometry

3.4 Polishing Procedure

P

The baseline samples were ‘cberrf}ica‘l‘ly pol‘ished 1n agc'cord.ance with the procedure
used in AGARD R-732. The solution ‘was ‘80 percent (by volume) phosphoric acid, 5

percent nitric acid, 5 percent acetic acid, and 10 percent water, heated to 105 degrees
|

31



Centigrade. A small hole was drilled near the end of the polished coupon, and a hanger
was‘ inserted in this hole to suspend the coupon in the polishing solution. All polished
coupons were placed in the solution for five minutes, which smoothed the machining
marks, burrs, and significant residual stfesses; and mildly rounded the edges of the

specimen, as shown in Figure 3-3%.

Fracture

Notch

30 um

(a) One minute. - {b) Five minutes.

Figure 3-3 Effect of Chemical Polishing on Surface Finish?
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CHAPTER 1V: HOLE QUALITY EXPERIMENT

Since hole quality is likely to have a large effect on fatigue life, a hole quality
experiment was devised. The plan was to first identify the drilling factors most likely to
significantly affect hole quality. Then a matrix of these drilling factors was designed and
the holes were drilled using combinations of these factors. The holes were then cut and
prepared for microscopy. Finally, the hole surfaces were measured for hole quality and
compared.

One difficulty was that there was no standard method for determining hole
quality. A metric or metrics needed to be established in order to quantify quaiity so that
the effects of the factors could be compared objectively. Gouge marks and burrs were
observed during initial inspections, and methods for incorporating them into the hole
quality metrics were developed.

Measurement difficulties presented themselves, due to the curving geometry of
fhe hole. Techniques had to be devised to accurately measure the quality according to the

metrics in such a way that the curvature would not interfere.

A statistical technique called analysis of variance (ANOVA) was employed to
determine the factors that p'.rodujciya?d s?gniﬁcaht differences in hole quality. The effects of
the factors were compared usiné a normalization techniqué and statistical indicators of
the confidence of hole quality differences. This also enabled the correlation of hole

quality with fatigue life once the fatigue tests were completed.
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4.1 Choice of Variables

Discussions were held with engineers and technicians at Lockheed and Delta to
identify factors most likely to signiﬁcantly affect the fatigue life of fastener holes. The
production line of an aluminum-bodied aircraft was toured, and mechanics who drilled
the fastener holes were interviewed to assess the factors identified and to elicit additional

factors.

4.1.1 Bit Condition

The first probable factor identified was the condition of the drill bit. A sharp, new
bit should quickly and easily cut through the workpiece. This, in turn, should reduce the
amount that the operator’s hand strays from drilling axis, resulting in a more cylindrical
hole. A new bit should also be free of gouges, and therefore be less likely to score the
surface.

An old bit, however, may have its own benefits. An old bit would also likely
cause more tangential plastic deformation of the hole bore resulting in larger compressive
residual hoop stresses, which would, in turn, retard fatigue cra‘ck growth. On the other
hand, an older bit would be more likely to have gouges, which would score the bore
surface. The longer drilling time would allow the operator’s hand to stray more, and
would also increase the heat generated in the hole, which' may induce tensile residual

hoop stresses upon cooling.

4.1.2 Pilot Hole

It is often advantageous to drill a small diameter hole in the fastener hole location

prior to drilling the final fastener hole. This smaller hole is calléd a pilot hole. A smaller
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diameter bit is easier to accurately drill in the right location since it is less likely to stray
from its initial location, and this pilot hole then becomes a guide for the larger diameter
bit. The disadvantage is that it is more time consuming, which becomes a major
production concern when thousands of holes are drilled in the fuselage skin alone. |

The use of a pilot hole may also affect hole quality, since the primary drill bit has
less material to remove. This makes for faster, straighter drilling and less wear on the bit.
Less heat is ggnerated with the primary bit, and the pilot hole may allow for better
cooling and chip removal. Since the drilling time, tool wear, and material removal

concerns are reduced, scoring and rifling may also be reduced.

4.1.3 Bit Length

Two different length bits are typically used for fastener holes on the production
line we visited. The standard bit is approximately 3.5 inches long, and the long bit is
approximately 6 inches long. The long bit gives the operator better control over the
straightness of the drill, but makes the tip more difﬁculj to control when starting the hole,

and may deflect along its axis when pressﬁre is applied to the bit.

4.1.4 Operator Experience

Since fastener holes aire drilled. primarily by' Hand on fhe production line, human
factors must come into play. It is unlikely that any two humans drill in exactly the same
manner and, in fact, it is unlikely that any single human will ever drill any two holes
exactly the same. The probléni is tﬁat these h’umén faétor§ infrbduée a multitude of

variables. Thus, to reduce the number of factors in the test matrix, it was thought that the

greatest human difference in hole quality would be seen between an experienced operator
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and a novice. If the human factors are significant to hole quality, the holes from the two
different operators should be very different, and the experienced operator should drill a

better quality hole than the novice.

4.1.5 Bit Pressure

It was also felt that a physically larger operator would probably apply greater
pressure to the drill bit than a small operator. This should cause greater plastic
deformation, and thus higher residual stresses in the axial direction. The greater pressure
may also generate more heat, producing greater residual stresses. Additionally, if
deformation in the bore of the hole affects burr formation, a higher pressure on the bit

should increase the burr size.

4.1.6 Withdrawal Speed

It was observed on the assembly line that some operators release the trigger of the
drill before the bit is Withdrawn from the hole, allowing the bit to slow down as it was
withdrawn. If scoring or rifling is a significant issue, then a drill bit rotating quickly
would leave marks almost in the same plane as the fatigue loading, while the other

extreme of a bit withdrawn after fully stopped would leave marks along the axis of the

hole, which is in an ideal direction to initiate a crack.

4.1.7 Drill Block

Another method of d'rillin'g more gccuraté‘h(AJIeQ 1s to .us'e a tool called a drill
block. This tool has many different forms, but all serve the same purpose of providing a
guide for the drill bit. The drill block has a hardgned steél hole of slightly larger diameter

than the bit. The bit is placed through the drill block and the tip of the bit is placed in the
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desired hole location. The block is then moved down to the workpiece and held firmly
against it while the hole is drilled. The only hole quality differences should be that the

hole is more perpendicular and cylindrical.

4.1.8 Workpiece Material

The final factor ideqtiﬁéd was the miaterial of the wbrkpieé:é; Much new aircraft
construction uses alloys other than 202&-T3 fér the ﬁlselage skin. 'fhe factors above may
have much different results in different materials, de’péﬁding on properties such as

strength, toughness, and modulus.

After reviewing the list of probable factofs, two were eliminated as variables in

this study. The first was the drill block. This was eliminated because it only served to

drill a straighter hole. This function is also served by the use of a pilot hole, and the drill
block and pilot hole are not used simultaneously in practice. The second variable

discarded was material type. Although this may have a significant effect, it introduced a

level of complexity that was outside the scope of this project. The final choice of

variables, then, was: bit condition, pilot hole, bit length, operator experience, bit pressure,

and withdrawal speed.

q
[
R

4.2 Test Matrices f’ ; :

i
.

- i)

In order to test every combjng’tiﬁ)tn of these six variables with a minimum of three
AL

holes per variable combination, 19“2;1|1’o‘1+es would have to be drilled. At an estimated lab
A

N :
time of two hours per hole to cut, mount, polish, photograph, and measure each hole, this
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would require almost 400 hours. Therefore, a fractional factorial test matrix was
constructed, which allowed fewer combinations of holes to be drilled while retaining the
statistical significance of the results. The variable combinations are shown in Table 4-1.
The matrix was designed to allow for the analysis of interactions between pairs of factors

using a linear least squares fit model.
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Table 4-1 Hand-Drilling Variable Combinations

Pilot [Bit Bit Bit
Operator Hole [Length |[Condition [Pressure |Speed
Experienced [No Long New High Stopped
Experienced |No Long New Low Full
Experienced |No Long Old High Full
Experienced [No Long Old Low Stopped
Experienced [No Short New High Full
Experienced |No Short New Low Stopped
Experienced |No Short Old High Stopped
Experienced |[No Short Old Low Full
Experienced [Yes  |Long New High Full
Experienced [Yes Long New Low Stopped
Experienced |Yes |Long Old High Stopped
Experienced |Yes Long Old Low Full
Experienced [Yes Short New High Stopped
Experienced [Yes Short New Low Full
Experienced |Yes Short Old High Full
Experienced |Yes Short Old Low Stopped
Novice No Long New High Stopped
Novice No Long New Low Full
Novice No Long 0Old . High Full
Novice No Long Old Low Stopped
Novice No Short New High Full
Novice No Short New Low Stopped
Novice [No Short Old High Stopped
Novice No Short Old Low Full
Novice Yes Long [New High Full
Novice Yes. .|Long New, . Low Stopped
Novice Yes . [Long Old High - [Stopped
Novice Yes . Long  |Old Low ‘- |Full
Novice Yes . {|Short New High Stopped
Novice Yes  !|Short New . Low Full .
Novice Yes  |{Short Old High  [Full
Novice Yes Short Old Low Stopped
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Each variable combination was replicated three times. The resultant matrix was
partially randomized to reduce both sequencing effects and operator fatigue due to
frequent bit changing. The complete test matrix as it was drilled can be found in
Appendix A, Table A-1.

The ébove matrix was designed to test the range of the six variables in standard
practice. It was hoped that the best and worst holes that humans could drill on the
assembly line would be contained within the test. In order to eliminate the human
variables, another matrix was developed for machine drilling. This eliminated the
experienced/novice variable. The withdrawal speed variable was also eliminated because
it is not standard practice, and because it had little effect, as will be shown later. The
pressure variable was changed to feed rate. Humans have a difficult time responding to
small variations in federate, but respond well to pressure. Drill presses, however, are not\
typically setup to sense pressure, but feed rate con’_[rql is standard.

A fractional factorial matrix was égain efnpioyed to reduce the number of
required holes. Three replicates of each variable qombipatioh_were drilled. The variable

combinations used in the matrix are shown below. in Table 4-2.

Table 4-2 ?Méfchine-Drilling’ Varjable‘ Cfobbinations

Bit Condition | Bit Length | Pilot Hole | Feed Rate
Old I |iShort . | No-.. - |Low

old .. '] Short Yes | High
Old 1| Long No High

Old | Long . Yes Low
New " il Short No High
New | Short Yes Low
New | Long No Low
New ‘| Long Yes High
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4.3 Drilling Procedure

Each of the coupons to be drilled was first inscribed with a grid consisting of
three columns running down the length of the coupon and 21 rows running across the
" width of the coupon, as shown in Figure 4-1. Each of the grid intersections w;as punched
to help the operator drill the holes squarely on the grid, which would become important
when the hoies were later cut in half. An identifying mark was scribed on either side of
each hole, referring to the row numbér and a column number, followed by a roman
numeral referring to the coupon. For example 19-2 IV signified that the hole came from
row 19, column 2 of the fourth coupon. Two of the coupons were then machine-drilled
with a typical 3/32 inch pilot bit at each of the grid intersections. A punch was used to

lightly mark the drilling positions in the coupons without pilot holes.

Figure 4-1 Hole Quality Coupon Drﬂ‘ling Layout

All of the hand-drilled holes were drilled at a Lockheed Martin test facility. A

constant-speed (2800 rpm) pneumatic hand drill was used, identical to those used in
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production, as shown in Figure 4-2. The coupon to be drilled was suspended over a
wooden block to catch the bit as it penetrated the'cbupon. It was important that the
coupon did not rest on the block, as it would interfere with the formation of the burr.
This was done by placing two blocks ‘about an inch: apart and centering the hole to be

drilled over the gap between the blocks.

Figure 4-2 Pneumatic Hand Drill Used for Tests

All of the final diameter drill bits were 3/16 inch (#10), 118 degree, high-speed
twist drill bits, such as the fypé RISA bit from the Precision Twist Drill Company. These
primary drill bits were taken :fromi the tQ&i‘crib on the assembly floor to make sure that

they were typical for fastener holé’sj. The new bits were taken from a box of unopened

new (not resharpened) bits, and a d:ifferént bit was used each time a bit was replaced in
|

the drill. The used bits were chosen from a group of discarded bits from the tool crib.

The bits were chosen to be similar 'to; the ‘\né’w bits with edges dull to the touch.

!
1
1
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There was a noticeable difference in how long it took the operators to drill the
holes with and without pilot holes, and the operators cqmmented on how much easier it
was to drill with the pilot holes. There was also a noticeable difference in the time it took
to drill with the old bit compared with the new bit, although less noticeable than the pilot
hole. The operators aléo commented on how much harder it was to drill with an old bit.
Additionally, a difference in the chips between the old and new bits was noticed. The
new bits did produce small chips, as expected, while the old bits produced long, spiraling
chips.

All of the machine-drilled holes were drilled at Delta. The drilling setup is

illustrated in Figure 4-3. The coupon was mounted in the grooves of a vise with
sufficient pressure to hold the coupon firmly without causing it to bend. The short and
long old drill bits were brought from the Lockheed test. For the new drill bits, bits of the
same diameter were taken from the tool crib, but Delta did not have the bits in six-inch
lengths, so the long bits were cut-to éize. The machine that was used had “high”,
“medium”, and “low” feed rate' speed.presets, and the high and low presets were used.

The high setting advanced three times faster than the low setting. |
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Figure 4-3 Machine Drilling Setup

4.3 Specimen Preparation

After the holes were drilled, they had to be prepared for microscopy. Each row
was cut along the hole centers by electronic discharge machining (EDM). The rows were

further cut into sections of two hole halves with a grinding wheel. ‘The sections were

v

mounted in epoxy with the edges of the holes e;(i)dsed, two sections per hole, as shown in
Figure 4-4. These mounts were pblished to one micron to remove machining marks from
the EDM and to provide a good material surface. ;Thevremaining set of hole halves were
also divided up into sections of two, but were sgt aside for later analysis, and no further

preparation was done to them.
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Figure 4-4 Mounted Fastener Hole Sample

4.4 Hole Quality Metrics and Measurement Procedure

Hole quality was judged according to four metrics: surface Roughness, hole solid
angle, number of gouge marks, and angle of gougé marks. In addition, burr sizes and
geometries were recorded, since three distinct burr types were quickly distinguished, both

at the entry and exit faces of the coupons. -~ -+ .2 .

4.4.1 Burr Geometry and Size

Burrs may act as crack initiation’ sites, since the material has hardened and
become brittle. The most noticegble .type__of burr was galled a “cpy}ing” burr, since it was
long and slender and was usuall}; found curlé(; up likx;: ‘a cresfing wave. This type of burr
is illustrated in Figure 4-5(a). This burr is likely the result of material from the end of the
hole being pushed out and away from the bit as it exits the coupon, and probably has little
correlation with residual stress leveis induééd during drilling, since it would only be a

local phenomenon, as modeled in Figure 2-9. The second burr type was called a

“triangular” burr, and is similar to the curling burr, as illustrated in Figure 4-5(b).
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However, the base of the burr is wider than the length of the burr. This burr may be more
indicative of residual stresses, since its base extends farther away from the bore of the
hole. The width of the base indicates that there is much more involved in its formation
than local plasticity at the region shown in Figure 2-9. The final type of burr was called a
“bulge” burr, because it was composed of a hump formed on the workpiece surface
extending radially out from the bore, as illustrated in Figure 4-5(c). This burr is thought
to have a significant correlation to stresses imposed deep inside the hole, especially in the

axial direction. All of these burr types were observed on both exit and entry faces.
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(a) - (b) |
Figure 4-5 (a) Cur}ing B_urr,"(b‘)‘ Tﬁéngﬁllar Burr, and (c) Bulge Burr
The desire was to develop a metric that quantiﬁéci hole quality, and since the
effect of the size and shape of the burr could only be speculated about, as explained in
Section 2.3.2, it was decided that Bu'rr geometry should not be used as a metric, but only

recorded and compared with fatigue life and residual stresses.
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The burrs were not classiﬁed accc;fding to their size, due to the difficulty of
making such a measurement. The burrs were measured according to the length that they
extended out from the coupon sUrfeee; but this was judged to be a po.or measure of the
burr. In the case of a curling burr, a small voleme of material vis‘left protruding a
relatively long distance, even if it was a relatively small eurling burr. Even a very large
bulge burr, however, would not extend very far from the surface, but instead a long
distance axially away from the befe ef tﬁe hele. B:u}f length, tﬁen’, depends on both the
burr georﬁetry and size. A better measure would be burr area. However, this is a difficult
measurement on such a small scale with complex geometries.

The burrs were instead classified only according to type, and only the exit burrs
were examined. The entry burrs were not considered because they were both relatively
small and therefore often difficult to classify, and because they are likely to be dependent
on both the drilling and withdrawal phases of the process, whereas the exit burrs would
be primarily depeﬁdent only on the drilling phase. Since each hole was cut in half and
two sides of the hole were examined, the number of each type was recorded for each side.
For example, if both sides of the hole had a triangular exit burr, the entry would be zero
for the curling burr, two fer the triangular burr,\ and zero for the bulge burr. Likewise, if
one side had a triangular:i)urf aed the dthef a “l;‘u‘]'ge burr, the entry would be zero, one,
and one, respectively. The maximum value for a barticular burr type in any given hole is

therefore two, and the minimum zero.

4.4.2 Surface Roughnes.f

The curved geometry of the holes presented many challenges, and eliminated the

use of several common measures of surface roughness, such as contact and laser
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profilometry. The metric devised was the ratio of the.traced surface length of the hole by
the length of a straight line drawn across the bore, as shown in Figure 4-6. The holes
were -photographed with an optical microscope equipped with a digital camera, and
analyzed with ImagePro software. The roughness was measuréd on both sides of the hole
and the mean value was used. In order to determine the endpoints of the traced and
straight lines used for measurement, two edge lines were drawn along the entry and exit
faces. The ImagePro software was used to trace the surface of the hole from the
intersection of the two edge lines and the surface of the hole. A straightlline was then
drawn between the same two intersection points used for the trace, and the length was
again calculated with the ImagePro software. The traced length was then divided by the
straight-line length (producing a number > 1), the process was repeated for the opposite

side of the hole, and the mean of the two values was calculated.

Traced surface:

. s R

*

>~ ::’Li‘ne perp'_enciicu:lar;tﬁ coupon edges 7

Figure 4-6 Sample Roughness Measurement
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4.4.3 Solid Angle

It was quickly discovered that the typical hand-drilled hole is not only drilled at a
slight angle from the surface normal, but also drilled wider in diameter at the entry side
than the exit side so that, rather than a cylinder, the holes are more like sections of a cone.
On the production line, the amount of deviation from the surface normal, or angularity, is
important, because highly angular holes will not accept a rivet. This angularity is an
issue of operator negligence rather than a result of drilling variables such as bit sharpness,
and is unlikely to affect fatigue life. The cone shape is the result of drill “wobble,” or a
circular deviation from the surface normal. As the drill ‘penetrates the workpiece at an
angle, the cutting surfaces gouge out material along the bore, leaving deep scoring marks
in the surface. These marks are much deeper than machining marks produced by the drill
alone, likely influencing fatigue life more than surface Roughness.

Measuring this angle was straightforward. A line was added perpendicular to the
two edge lines already drawn for the Roughness measurements, as shown in Figure 4-6,
and the difference between the angle of this perpendicular line and the angle of the
straight line connecting the endpoints was calculated. Again, ImagePro automatically
gave the angle measurements. Since a larger entry di.ametér was typiéai, angfes in this
direction were considered positive. This séme angle was calculated at on the opposite

side of the bore, and the two angles were added together to give the resultant solid angle.

4.4.4 Gouge Marks and Plateau

The next two metrics apply specifically to characteristic deep scoring that was
found in most drilled holes. The scoring was quickly observed in the mounted holes, and

appeared as gouges in the surface of the hole bore, as shown in Figure 4-7, and was
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therefore called “gouging.” These gouges are much deeper than other types of scoring,
and were clearly visible even without a microscope, but they spiraled down through the
bore of the hole at the same angle as all the other marks. Another common characteristic
noticeable to the eye is a relatively smooth, flat, and cylindrical section at the exit end of
the holes. As viewed from the profile pictures, this region looked like a raised, flat
region, as shown in Figure 4-7, and thus was labeled a “plateau”. This plateau is likely
the result of the drill punching through the material at the end as soon as the tip of the
drill sufficiently pierces through the coupon. This is substantiated by the fact that there
was no plateau in the baseline set, which was machine drilled at a constant feed rate. All
of these marks were of slightly. varying dimensions and geometry, making a single

numeric quantification of them very difficult, so two simpler metrics were employed.

Figure 4-7 Profile Photograph of Gouge Marks and Plateau

4.4.5 Number of Gouge Marks

While there are much fewer gouge marks on the hole bores than the smaller

scratches that cause general surface roughness, the gouge marks are larger, and therefore
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likely to introduce higher stress concentrations. Thus, it follows that a higher number of
these marks increase the likelihood of a fatigue crack initiating from one of them. The
first metric for gouge marks, then, was simply a count of the number of gouge marks in
the bore surface.

A different perspective on the hole was needed, so the unmounted hole halves
were placed in the microscope so that the entire bore could be viewed, rather than the
edge. The bore surface was lit from an angle to reduce glare and bring out the surface
features. This readily identified the gouges, which contrasted well above the Roughness
of the surrounding surface, as illustrated in Figure 4-8. The edge of the plateau region

was counted as a gouge mark for this metric.

Figure 4-8 Gouge Mark Measurements
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4.4.6 Gouge Mark Angle

The second metric measured the angle of the gouges: As the angle approaches
ninety degrees, or along the drilling axis, the gouge becomes perpendicular to the loading
axis, maximizing its effect. At zero degrees, the g'éugé is oriented élong the loading axis,
and has minimal effect.

To measure this angle, the hole was mounted as for the gouge mark count, and the
bore was photographed, as in Figure 4-8. Using the ImagePro software, a line was first
drawn along one face of the coupon, and another was drawn along a gouge mark. The
difference between the angles of the two lines was calculated by the software, and

recorded as the value for this metric.

4.5 Statistical Analysis

In order to compare such a complex combination of factors, a careful use of

statistical techniques was necessary. First, each combination of factor and metric

variable was analyzed. The factors were then compared with each other for each metric.
A method of normalizing each metric according to its amount of variability was then

employed. This allowed an dverall comparison and ranking of the factors.

4.5.1 Ranking of Individual Metric Variables

The analysis was simplified somewhat by using a polar matrix construction in
which each factor used a high/low or on/off “setting,” which simulated the range of each

factor under typical assembly line conditions. For example, each opefator applied either
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the highest or lowest realistic amount of pressure to the drill that he could. This allows
the range of each factor’s effect on each metric, or variable, to be calculated. To compute
this range, the entire population of holes is sorted according to each factor, and the mean

of each setting is calculated.

n

2 @4-1)

=
n
The difference in means is then calculated, and the absolute value yields the
desired result. For example, all of the holes were sorted according to whether or not they
used a pilot hole, the average roughness was calculated for those holes that had a pilot
hole and for those holes that did not, and the lower average value was subtracted from the
higher average value. The factors are then ranked.ac':cording to their difference in means.

This process is repeated for each metric.

" Differénce in means= x -y “4-2)

4.5.2 Normalization

The difference in means sallo_ws the meparison of _thc; different factor pairs for a
given metric. It would, hoﬁta‘v-e?r,'b;a more uvsefull‘ vto. cofnpére the factor pairs across fthe
set of metrics. In ‘order to do this, ‘t.he differencés‘of means are divided bsl the pooled
standard deviation of the tw6 Qafiablésﬁ The pooied standard deviation, s, is found with

the following equation:

; = \[(n—l)sf +(m—l)s; _ @3

n+m-—2
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where s, is the standard deviation of the first population, given by:

=. M (4-4)

n-—1

where n is the number of samples in the population and s, is likewise the standard
deviation of the second population with number of samples m. This pooled standard
deviation yields a slightly more accurate result than would be achieved by dividing by the
standard deviation of the entire population.

After the metrics have been normalized, the average of the variable values for
each factor pair is calculated. The factors can then be ranked according to the amount of

difference that each factor induces.

4.5.3 P-Value

The p-value is useful statistic for such analysesT 1t offers a convenient method for
evéluating the differen;:e produced by a»f'ac.:ior. If the va‘lueb_ is small, one can be |
reasonably confident that the factor produces a significant cha:nge in the dependent
variable. This allows the invest‘igator' to“ boii all thcv ;ariébility down into a single
number. |

The p-value is the probability that tilefe is-in fact 'nb differenée between the
variable means. A value of 0.10 or less is considg{‘e_d sjgniﬁcant for most analyses. Fora

pooled variance procedure, the p-value is calculated with the z-statistic, which is

computed by:

1 | (4-5)



The p-value is then:

p-value = 2x P(X > 1)) (4-6)

A word of caution should be said in about the application of the p-value.
Statistics are tools for making statements with a given amount of certainty, but are based
on uncertainty, and therefore can never be used to make a statement with absolute
certainty. The specific use Qf this particular statistic is based upon the null hypothesis,
which is that there is no difference in the sample means. A p-value of 0.05 can be
interpreted by saying, “There is a 5% chance ‘that there really is no difference in the
sa‘mple‘means.” It cannot be used to make the statement that a difference does exist,
since there is always such a chance',t'nrb matter how small. The f—Value does, however,

provide a convenient measure of the amount of variation in the difference of means.

4.5.4 Confidence Intervals

The significance of the difference of means can also be evaluated graphically
using confidence intervals. A confidence interval shows the range of values that the
mean may have with a given dégree of fc‘onﬁdence. An example is shown below in Table
4-3. 'In this example, the factc;r Vapiablciaé are listed under the “Level” column, the number

N

of samples in each populati_dh’iis?'li}stéd in the “N” column, the mean value for each

population is shown in the “Mjean”;cohfxmn, and the “StDev” column gives the respective
Lo
standard deviations. The confidence intervals are shown at the right of the table. The

experimental mean value is fshoWn; with an asterisk at the center of the confidence

intervals, and the range of the ;values‘that the mean may take with a 95% probability (the
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confidence chosen for all confidence intervals in this paper) is represented by the dashes

enclosed in parentheses. The mean value of the “Long” level, then, lies between about

4.5 and 6.2.
Table 4-3 Sample Confidence Interval
Level N Mean StDev —-=---- Fom——————— Fm—m—————— e bl +
Long 47 5.332 2.863  (=mm——--- e )
Short 47 7.162 4.920 O e )
—————— et e e Rttt e
4.8 6.0 7.2 8.4

The equation for calculating the confidence interval is given by:

' t s t . 1S
,ue(f— a/2,n-1 P4 af2,n-1 J @4-7

n 7 A

where p is the actual mean value of the population, X is the experimental mean value,

ta)z,n-1 is the student’s ¢-distribution 'Wiﬂ‘i o the confidence (0.05 for 95% confidence) and

n the number of samples in the population, s is the experimental standard deviation. For
the set in this example, the numbef of samples is th’é safne, and 'thus the 7-distributions are
equivalent. The confidence interyals, then, are propc?rtional to s/ «/; , so that the
intervals increase with the standard dé?iatidﬁ éhd_débréase with the square of the number
of samples. C e

The example in Table 4-3 has overlapping intervéls, démonstrating that it is
possible that there is in fact no difference in means (or even an opposite difference).
However, the means are assumed to have a f-distribution, which is very similar to the
normal distribution, and in fact reduces to the normal distribution as the number of

samples approaches infinity. With such a distribution, the true mean is much more likely
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to fall closer to the experimentel :meen{ than the e.dgée (;f the_conﬁcience interval. This is
reflected by the p-value, which for this example is 0.030, reflecting that there is a 3%
chance that there really is no difference 1n means.

Appendix B contains the stetlsucal analyses for a large variety of factor
combinations. The significant conﬁdence intervals are dupllcated in Chapter 7, Results
and Discussion, with minor alterations for readability. The “Level” columns are renamed
“Factor”, and the factor names are expanded for clarity. The “N” columns have been
deleted since the number of samples is already reflected in the standard deviation, and the
p-values are included in the tables, since it is such a meaningful statistic.

Thus, confidence intervals include a lot of information in a compact form that is
easy to interpret visually. They are used extensively in the discussions of the

experimental results because they offer such a wealth of statistical information.
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CHAPTER V: X-RAY DIFFRACTION

X-ray diffraction is a non-destructive technique that can be used to measure
residual stresses in metals. It was employed in this study to attempt to measure the
relative residual hoop stresses in order to compare the effects of the drilling factors listed
in Chapter 4. This chapter describes the principals of the technique and the experimental

methods employed in this study.

5.3 The X-Ray Diffraction Technique

X-ray - diffraction, in its ’essénée, measures the intensity of rays diffracted from
crystallographic planes. Figgr'q "5»-’1 'shows the principal 'pf'x,-ray diffraction, in which an
incident beam enters a ‘crystal’, strikes. the étoms 'arrange'd,_ :in lattice planes, and is
diffracted back through the material. At most incident angles, the diffracted rays
destructively interfere with each other and cancel c;uf, but diffract out through the lattice
planes without interference at certain principal angles that are unique to each material. If
one irradiates a crystal with an X-ray beaxﬁ ata lafge range of incident angles, and places
a detector at corresponding éngles of incidence, a graph of the intensity of the detected
rays versus the angle of incidence will result in peaks at the principal angles, as shown in

- Figure 5-2.
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Figure 5-1 The Principal of X-Ray Diffraction®

fhie

Events

Angle

Figure 5-2 Sample Diffraction Line

A uniform stress applied to a bulk material strains the lattice planes and increases

the distance between the planes in the direction of the stress. This uniform strain results
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in a shift of the corresponding peaks on the diffraction line, as shown in Figures 5-3(a-b).
This shift gives a measure of the relative strain, and therefore stress, applied to the

material.

CRYSTAL LATTICK.  DIFFRAGTION
LINE

~|dof—

NO STRAIN
()

.

" UNIFORM STRAIN
(»
Figure 5-3 Diffraction Lines of (a) Unstrained and (b) Strained Lattices*

Figure 5-1 is simplified, because most metals form a polycrystalline structure with

the lattice planes of the crystals oriented in random directions. These crystals are
: RPN : o
generally very small in comparison with the bulk material, and an x-ray beam irradiating
g oo :
T : :
a bulk material will strike a number of c:xj'ystals oriented parallel to the specimen surface,
P

as Figure 5-4 illustrates. E
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Figure 5-4 Diffraction of a Bulk Material Specimen

5.2 Design of Experiment

The unmounted hole halves from the hole quality experiment provided the sample

set for the x-ray diffraction experiment. Both the hand-drilled and machine-drilled holes
were to be used. One sample from each of the combinations of hand-drilling and
machine-drilling factor variables were to be used, as well as one polished sample each of
the LT and TL coupons. This would limit the number of specimens to be tested while

still providing a sufficiently large sample population.
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5.3 Experimental Procedure

The samples were mounted to the x-ray éon;omeier stage such that the length of
the specimen was vertical (the y-direcfion), the width-of the specimen was horizontal (x-
direction), and the depth protruded out of the stage in the z-direction, as illustrated in
Figure 5-5. Rotation about the x-axis is the ¥ (Psi) angle, and rotation about the y-axis

are the 26/Q (2 Theta / Omega) angles.

Figure 5-5 X-Ray Machine Coordinates

The x-ray beam optics were specially chosen for the sample geometry. The Cu-
ka x-ray tube was rotated to produce a spot beam, which allowed the entire beam
intensity to be focused in a smaller area, rather than spread out over a line, which is

typical. In order to optimize the height and width of the beam, a crossed-slits collimator
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(Figure 5.6(a)) was employed, which allowed the beam size to be adjusted both vertically
and horizontally from 0 to 10 mm at increments of 0.01 mm. A nickel attenuator was -
inserted into the crossed-slits collimator to prevent damage to the detector. The sample
stage was also aluminum, and so a parallel plate collimator (Figure 5-6(b)) with a 0.027
mm slit was chosen for the detector to reduce the chance of collecting signals from the

stage.

Figure 5-6 (a) Crossed-Slits Collimator and (b) Parallel Plate Collimator

The placement of the beam on the sample is illustrated in Figure 5-7. The x-ray
beam was directed into the center of the hole half to minimize any hoop stress relaxation
due to cutting of the hole in half. The nominal beam cross-section was 0.25 mm?, and
was determined by reducing the beam size to the minimum allowable to clearly
distinguish the peaks above the signal noise. Flat specimen surfaces are preferred so that

the incident beam angle is the same throughout the beam cross-section. The curved
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geométry of the hole therefore presented a continuously variable angle of incidence. To
reduce this effect, the beam width was maximized so that the height could be reduced to
the minimum possible, while still retaining the nominal cross-section. In aluminum, the
[111] plane gives the strongest diffraction, cbrresponding to a principal angle of 38.47
degrees. At a 38 degree angle, the width of the incident beam spot width will be about
1.6 times the emitted width. Because of this, the width of the emitted beam was
maximized at 1.1 mm, or about 0.043 inches, which corresponds to an incident spot width
of about 0.070 inches, allowing 0.01 inches on either side of the beam for specimen
nonuniformity, misalignment of the beam, and plane stress conditions at the free surfaces.
In order to maintain the 0.25 mm? spot cross-section, the height of the emitted beam spot

was set at 0.23 mm.

e s ey e e = e
i

Figure 5-7 (a) Placement and (b) Alignment of Exaggerated X-Ray Beam
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Before a specimen could be scanned, the specimen needed to be aligned and the
system optimized. The specimen was loaded onto the stage as illustrated in Figure 5-5.
The specimen was always offset in the x-direction by 0.84 mm, which was accounted for
first in the alignment. The x-ray beam shutter was then opened and the intensity was
noted. In order to center the beam horizontally, the sample was adjusted along the z-axis
until the intensity was halved, as illustrated in Figure 5-7(b). To center the beam
vertically, the specimen was adjusted alor}g the y-axis until, the intensity was maximized.
The z-axis was then adjusted again untily the intensity was half of the original value. To
align the system, a 20 scan was run in one _-de‘g_re‘etabou‘t the,current 0 degree position, and
the system was offset to match the diffraction line peak. An Q scan was then run in six
degrees about the current posityion, and th¢ system was agéin offset to match the peak.
Finally, an /20 scan was run in one degree ab(')u‘t"‘ the 38.47 degree principal angle, and
20 was offset to half of Q.

Once this was accomplished, a residual stress scan could be run. Scans were
conducted by varying the 2@/Q angles, and tilting the sample at nine different ¥ angles.

The peaks of each of the nine resulting curves were identified, and the corresponding

lattice distance, or d-spacing, was recorded. The results were plotted as sin®¥ versus d,

and the angle of the resultant slope represented the relative residual stress.
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CHAPTER VI: FATIGUE TESTING

The fatigue tests are the capstone of this study, since the ultimate objective was to
assess the fatigue life of aircraft fastener holes. The first goal of the tests was to compare
the fatigue life of as-drilled holes with holes polished in accordance with the AGARD R-
732 procedure. The second goal was to compare ~the fétigue effects of the factors from
the hole quality study.

These tests also had to -anSWe:r a number of different questions while making
efficient use of time and material. The test parameters needed to be consistent with those
of the AGARD R-732 study, as discussed in Section 2:1.1, which concluded that drilling
induced significant compressive residual hoop stresses that could be removed through a
chemical polishing procedure.: Consiétency in loading 'pararﬁeters would enable the
comparison of the results of this study with those of the AGARD study. The tests also
needed to represent the conditions to which actual production fastener holes are subjected

in order to provide meaningful application to the industry.

6.1 Design of Experiments = |

RN
The fatigue tests were broken up into two segments. The first segment tested only

as-drilled and polished coupons. In the second segment, rivets were inserted into the
coupon holes in order to assess whether the fasteniﬁg process eliminated drilling effects

or modified them.
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The first test was designed to investigate the effect of residual stresses, which
were assumed to exist in the as-drilled holes. Two facfors were to be chosen, which
would result in four possible combinations. Six replicates of each combination were to
be drilled to provide statistical significance of the results while allowing for a variety of
loading conditions. This yielded twenty-four holes, which was less than one-third of the
available test coupons, and could be fatigue tested in a reasonable amount of time.

The three most significant hole quality factors were 1) Pilot Hole, 2) Operator,
and 3) Bit Condition, as will be shown in Section 7.1. The use of a pilot hole resulted in
the largest hole quality Qariations, and was thus chosen as a factor for the fatigue tests.
The operator factor was included in the hole quality experiment to represent the human
factors involved in drilling. These factors are likely extremely complex, and out of the
scope of this study. The operator factor was therefore eliminated as a factor for this test
matrix. The drill bit condition also resulted in significant variations in hole quality, and it
was also suspected that a dull drill bit would induce greater residual stresses than a sharp
bit. Bit condition was therefore chosen as the second factor for the first test.

Due to the small number of samples to be prepared, a factorial matrix was not

required. The four factor combinations are show in Table 6-1. The twelve coupons that
used a pilot hole were predrilled before the fastener holes were drilled. The twenty-four
coupons were randomized to reduce séquencing effects, and the randomized matrix is

shown below, in Table 6-2.
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Table 6-1 Fatigue Test As-Drilled Factor Combinations

Bit Condition | Pilot Hole
New Yes

New No

Old Yes

Old - No .

Table 6-2 Randomized Hand-Dfilling”Matrix

Bit Condition | Pilot Hole | Coupon Bit Condition | Pilot Hole | Coupon
Old Yes A96N8-6 New Yes A90NS-10
New No A93N8-4 | [Old Yes A94N8-6
New Yes A9INS8-14 Old Yes A93NS8-3
New No A95NS-2 Old Yes A93N8-15
old No A9INS-8 | | New Yes A94NS-14
New Yes A94NS8-12 New Yes A9IN8-12
New No A96NS8-3 New No A90NS-15
Old Yes A89NS-3 Old No A96N8-10
Old No A9S5N8-3 Old No A93N8-8
New No ABINS-9 Old No ABINS8-14
New Yes A9INS-3 Old No A93N8-10
Old Yes A95NS-14 New No A95NS-7

All of the as-drilled coupons provided were in the LT orientation.

Coupons

polished according to the AGARD R-732 five-minute-polishing procedure were provided

in both the LT and TL orientations for the purpose of establishing a baseline comparable

to the AGARD study. Another set of machine-drilled coupons was prepared at Delta for

the purpose of establishing an as-drilled baseline.

The factor combinations for the

machine-drilled coupons were chosen based on the theoretical best quality hole

parameters—short bit, low feed rate, and with a pilot hole. Since it was unknown
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wheﬂler an old bit would increase the fatigue life, both an old bit and new bit were used.
Loads were chosen to be the same as those in the AGARD study, which were R = 0 with
a maximum remote stress of 17.5 ksi, 21 ksi, and 25 ksi. The complete test matrix is

shown in Table 6-3.

Table 6-3 Fatigue Test Matrix

Specimen Type Max Load (ksi) | Number
Polished, LT 17.5 2
Polished, TL » 17.5 2
Hand-Drilled, New Bit, No Pilot Hole - 17.5 1
Hand-Drilled, New Bit, Pilot Hole - 17.5 1
Hand-Dirilled, Old Bit, No Pilot Hole © 175 1
Hand-Drilled, Old Bit, Pilot Hole: - . 17.5 1
Machine-Drilled, Old Bit, No Pilot Hole 17.5 3
Machine-Drilled, New Bit, No Pilot Hole 17.5 . 3
Polished, LT 21 5
Polished, TL 21 4
Hand-Drilled, New Bit, No Pilot Hole 21 5
Hand-Drilled, New Bit, Pilot Hole - 21 5
Hand-Drilled, Old Bit, No Pilot Hole 21 5
Hand-Drilled, Old Bit, Pilot Hole 21 5
Polished, LT 25 2
Polished, TL 25 2

"Due to operator error, one specimen tested at 25 ksi

The net section stress is calculated by the equation in Figure 6-1, where P is the
load, which is the remote stress multiplied by the cross sectional area of the coupon, and
the other dimensions are as shown :in;‘the ﬁgure Using a hole diameter of 3/16 inch, or
0.1875 inches, a coup'on width of 2.0?()0iﬁq1;e;3, and a coupon thickness of 0.0900 inches,

the remote stress levels 17.5, 21, aifd 25 ksi correspond to net section stress levels of

19.3, 23.2, and 27.6 ksi. The ﬁguré shoWs that a d/w value of 0.09 from the coupon
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dimensions corresponds to a k; value of approximately 2.8. Thus, the corresponding

stress levels at the notch root are 54.1, 64.9; and 77.2 ksi.
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Figure 6-1 Stress Concentration Calculation®

In addition, underload and overload tests were to be conducted in order to help

correlate the results of the FASTRAN K3DL residual stress code. Eight of these tests
were conducted, as shown in Table 6.4. A spike underload or overload was applied to
each specimen on the first cycle. The specimens were then tested at 21 ksi maximum

load at R =0.
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Table 6-4 Underload and Overload Fatigue Test Matrix

Spike Load | Max Fatigue
Specimen Type (ksi) Load (ksi) | Number
Polished, LT, Overload 35.7 21 2
Polished, LT, Underload -35.7 21 2
Polished, TL Overload 35.7 21 2
Polished, TL Underload -35.7 , 21 2

6.2 Experimental Procedure

6.2.1 Drilling

All hand drilling was done according”to the procedure used for the hole quality
experiment, as detailed in Section 4.3. The 'old‘ bit was the same bit used in the previous
study, and the new bit was an unused bit provided by Lockheed Martin, both the same
type bit as before. The pilot holes were 3/32 inch diameter, also as before. The holes

were not deburred prior to testing.

6.2.2 Crack Detection Gages

Crack detection gages were successfully installed on several as-drilled specimens
and polished Specimens at various loads. The gages were Micro-Measurements type CD-
23-10A, which is an isoelastic nickel-zéi]romium alloy laminated to a glass-fiber-
reinforced backing, remaining essentiall?iiinear to approximately 5000 pe, and a fatigue
life of approximately 10° cycles at 3000 pe The gages were attached by first applying a
conditioner formula and polishing the material adjacent to the hole, being careful not to

disturb any burrs. A neutralizer was then applied, and any residue was removed. The
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gages were then mounted next to the notch root using a cyanoacrylate adhesive. Lead
wires were soldered to the ends of the gage, as show in Figure 6-2. A circuit was
constructed to monitor the gages, as shown in Figure 6-3. The circuit illuminated a LED
as long as the gage remained intact. Once the gage failed, the relay switched current
away from the LED and through either a siren or the test frame computer. Four of these

circuits were constructed in parallel—one for each detection gage.

Figure 6-2 Crack Detection Gage Mounting
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Figure 6-3 - Crack Detection Circuit

6.2.3 Fatigue Testing and Data Collection

In order to calculate the loading parameters, the width and thickness of each
specimen was measured near each end and at the middle, and the average cross-sectional
thickness was calculated. This area was multiplied by the maximum stress to be applied
in order to determine the maximum load. All tests were conducted at R = 0 at a

maximum of 10 Hz.

Specimens were tested with a 20,000 1bf MTS hydraulic test frame at room
temperature. The specimens were mounted in hydraulic wedge grips so that L > 4a, i.e.
so that there was at least twice the width, or four inches, between grips, as shown in
Figure 6-4. The specimens were adjusted on the grips so that the hole was at the center

of the load line. -
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Figure 6-4 Typical Fatigue Test Setup

Cycles to failure, Ny, for the fatigue tests.was tﬂe number of cycles to separation
of the specimen. Cycles to initiation, N;, was considered number of cycles to indication
of the first crack detection gage (to the nearest 100 cycles).

The ovefload and underload tests used polished LT specimens. The “spike”
overload was applied with a sjngle cycle of 1.7 times the maximum tensile fatigue stress
of 21 ksi, which equals 35.7 ksi.‘f‘ The underldad was applied in a single compressive
cycle of thé same magnitude, or —35;7ksi. Actions were taken to prevent buckling, as
will be described below. |

The overloaded specimeﬁé .‘we‘re tested in the same way as the standard

specimens, except that tabs were attached to the specimens to prevent breakage at the
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grips due to grip tooth indentations and cycles exceeding one million. The tabs were

phenolic board attached with epoxy, as shown in F _igure 6-5.

Figure 6-5 Overload Specimen With Tabs

The specimens were could not support the spike underload, so two actions were
taken to prevent specimen damage. The first action was to reduce the length of the
specimen. Equation 6-1 was used to calculate the critical buckling length of a specimen
0.09 inches thick and two inches wide, where E is Young’s Modulus; X is the effective-
length factor, which is 0.5 for a column fixed at both ends; ¢ is the buckling stress, which
is 35.7 ksi; I is the least moment of inertia for the cross-sectional area; and 4 is the cross-
sectional area. Calculations showed that qmaximum distance between the grips of 2.6
inches would be sufficient. The:ttest grif)s were 1.75 inches long, and the minimum
distance allowable between the gﬁﬁs duﬁﬁg fatigue testing was four inches. Therefore,
any specimen length below 7.5 inicheé»v?oﬁld require increased gripping pressure during

fatigue testing. A test on a blank spe'ciim'eir‘l. showed that the specimen buckled at a length
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of 2.2 inches between the grips. This was probably due to slight warping of the specimen
and imperfect alignment of the grips. Cutting the specimen down to any shorter length
would require gripping pressures high enough to damage the specimen and increase the

likelihood of breakage at the grips.

TNE -r . : .
L =—F— 6-1
I
= [— 6-2
=7 | | (6-2)

In order to maintain an acceptab!e specimen length and gripping pressure, an anti-
buckling plate was made. The device ;;vas vconst'ruvcted of “alufn‘inum plate with Teflon
‘sheeting sandwiched between the plates and the specimen. The arrangement was
fastened at the corners with washers and bolts adjusted to finger tightness, so that the
device could be moved across the specimen without much force, as shown in Figure 6-6.
The specimens were then loaded with 2.2 inches between the grips and the underloads

were successfully applied.
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Figure 6-6 Underload Setup With Anti-Buckling Plates

Speciinens were inspected after failure to determine the initiation site. The
specimens were viewed at low power and lit from the side to reveal surface features. In
the majority of specimens, a large crack formed on both sides of the hole before the
specimen failed, therefore only specimens with crack detection gages were used, and the
side of the hole ehat first indicated a crack was examined. Crack initiation sites were

determined visually, and was categorized as either a corner or center crack.

6.3 Data Reduction } w A

|

Fatigue is a complex phe’i;‘ &eﬁenjconsisting of three primary stages: crack
i Cod 5 :

initiation, crack growth, and failu:jre. A number of analyses are needed to sufficiently

tlzlay These analyses have been performed both

describe the nature of fatigue .in thi
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graphically and statistically (as laid out in Section 4.5), although the statistical receives
the most attention in this paper. |

Failure was the easiest measure to define, at least in this study. It was specified as
the number of cycles to separation of the specimen into two halves from a crack initiating
at the hole, as was designated Ny. This represents the totai life of the specimen, and
encompasses crack initiation and growfh, as well as failure.

Crack growth is the stage; between initiation and failure. It is defined in this study
by the difference between failure and initiaﬁon, Nr - Nj. Residual stresses can retard the
growth of the crack until it extends beyond the residual stress field. In order to account
for loading differences, the crack growth stage can also be normalized by dividing by the
cycles to failure (Nf— N;)/Ny.

Crack initiation can be a difficult quantity to define. Every material contains
flaws and stress concentrations before the first cycle is applied, and often the critical
crack must be identified after failure and some method must be employed to trace that
crack back to its initial size. The crack detection gages simplified the problem in this test
by defining initiation as the appearance of the first surface craék, Nii. The disadvantage
is that this definition is mildly dependant upon the crack initiation site, since a corner
crack would be detected immediately and a center crack must grow to the surface before
it would be detected. This problem makes the statistical analysis of multiple samples
necessary. The initiation can also be normalized by failure, Ni/Ny. As the first crack
grows, the stress at the notch root and crack tip increases since all tests were stress
controlled. This increase in stress will eventually cause a crack to form at the notch root

opposite the initial crack. The initiation of this crack was designated Nj;. If Nj; occurs
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shortly after Nj;, then the stress will not have risen significantly, and the second crack is
more dependent on surface features than on the strgss ;increase. Therefore, Nj; — Nj; was |
also used, as well as the normalized quantit;r‘(:Niz - I\.Ii]‘)/N.f. ~This quantity was also
normalized by the cycles to initiation, (Niz — Nj1)/(Nf — Njy), in dtder to eliminate crack

Ct

growth effects.

6.4 Fatigue Crack Surface Microscopy

In order to better model crack growth, it is important to specify the location and
shape of the initial crack. Therefore, crack surfaces were inspected with an optical
microscope. Since the most critical crack is the one that initiates first, only those
V coupons were inspected in which the crack detection gages successfully operated, and
only on the side of the hole that cracked first.
| These surfaces were digitally photographed in an optical microscope at 10x
magnification. The initiation sites were then categorized as either corner cracks or center
cracks. The results were then analyzed statistically in reference to whether the specimens
were polished, hand-drilled, or machine-drilled.

In addition, since the crack detection gages have not been proven in this
laboratory, the reliability of their operation was in question. In particular, it was
importantrto ‘know the size of a detectable crack. In order to determine this, the crack
surface needed to be inspected while under sufficient load to open the crack, but without
destroying the specimen.
| Replicating tape, purchased from Ernest F. Fullam, Inc., was employed for this

purpose. The tape was prepared before the test by cutting a length of tape approximately
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three inches long and rolliné it intf) a cyliﬁdef the safne diameter as the hole. The test
was stopped as soon as a crack was detected, the load was set to zefo,' and the cylinder of
tape was inserted into the hole. The specimen load was-then set to‘ two-thirds of the
maximum load. This load was chosen because the crack detection gages typically
required at least half of the maximum load to reopen when they initially failed, indicating
that the crack was completely closed at half-load. The tape was then wetted with acetate,
which softened the material, and the butt end of a 5/32 inch drill bit was used to press the
tape against the cracked surface, starting from the opposite side of the hole so that the
cylinder was collapsed upon itself. After about one minute the tape was carefully peeled
away from the surface and set aside, and the test was immediately resumed. Five of these
replicates were made with both thin and thick replicating tape. The thin tape gave the
best results and was used for microscope inspection.

Thé replicates were first inspected with an optical microscope. The specimens
were placed on the stage and viewed at low magnification until the crack could be found.
Once found, the crack was digitally photographed at 50x magnification and thé width of

the crack was measured. The clear tape proved to be problematic for this type of

inspection because the crack was difficult to find and the back surface of the replicate
was often confused w1th the front. In aﬂdition, the edges of the crack were difficult to
define for measurement.

The replicateé were then inspected with a sczinning electron microscope (SEM).
The tape was sputtered with gold to permit conductivity. The crack was readily visible
under the SEM, and the edges of the crack were easy to define. The cracks were

photographed at 40x magnification to provide a global view of the entire hole surface,
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200x to illustrate the conditions at the edge of the hole, and at 1000x to measure the

width of the crack.
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CHAPTER VII: RESULTS AND DISCUSSION

The three tests of hole quality, x-ray diffraction, and fatigue life were conducted
as prescribed in Chapters 4, 5, and 6, respectively. - The hole quality tests found that the
pilot hole produced the greatest difference in hole quality, and that the use of a pilot hole
improved hole quality in every respect. The x-ray diffraction tests could not yield
acceptable results due to the specimen geometry, the machining marks, and the properties
of the aluminum. The fatigue tests found that drilling appears to produce compressive

residual hoop stress, but that hole quality predominantly determines fatigue life.

7.1 Hole Quality

Difference of means calculations were performed as described in Section 4.5, and.
the results are tabulated for the hand-drilled and machine-drilled holes in Tables 7-1 and
7-2, respectively. In these tables, the mean values for each factor/response combination

are listed in the first two rows of each factor/response combination. The absolute values

of the differences are shown in the_ rows entitled “Difference”, and the p-values for the
differences of means are {displayed in the. rows labeled “p-value”. The standard
deviations for the individual factor/respon,s‘e combinations are listed in the “StDev” rows.
The normalized differencesvin means are calculated in the ‘;Score” rows. These averages
of the scores for each factor are shown in'the_‘ﬁ'na_‘l co]ﬁrrvm,‘ ehtitléd"‘Overall Score”. The

raw data for the hole quality measurements can be found in Appendix A, Table A-2. It
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should be noted that only five of the twenty-fouf factor/response combinations have p-
values less than 0.1

A statistical analysis paékage called MiniTab was used to calculate these values
using the same equations given ‘in Section 45 'Thé coﬁqélete .output created by the
MiniTab package for these analyses can be found in Appéndix B. MiniTab was also used
to plot the 95% confidence inter;/éls for each factor/resp(;nse combination, some of which
will be shown below. |

Two graphical corﬁpéfisdﬁs of these results are shown in Figures 7-1(a-b). These
charts plot the average normalized differences in means for each of the two tests, giving a
measure of the relative significance of each factor. It is interesting to note that machine

drilling resulted in more overall variability than did hand drilling.
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Table 7-1 Hole Quality Results

84

Factor Roughness Comcahty Gouge Angle Gouge Number Overall Score

: Expenenced 1.049 62t BN R 19 4
Novice 1.051 . 63 2.8 e 11194 |
Difference. 10.002°°  0{0. | 1.5° 0.8 |
p-value ~ 0955 . ~0.968 0.127 0.002
IStDev 0.158'  4.130 4.597 1.187 i
Score i 10.0120 [ = 0.008 il 0318 _0.645 | 10.246
No Pilot  1.065 7.8 54 1.3
Pilot Hole  1.035 4.8 1.8 1.7
Difference 0.031 3.0 35 0.4
p-value  0.341 0.000 0.000 0.159
StDev 0.157 3.833 4.301 1.235
Score 0.197 0.794 0.821 0.294 0.526
Tong Bit ~ 1.048 5.3 3.7 1.4
Short Bit ~ 1.051 7.2 3.5 1.6
Difference . 0.003 1.8 0.2 0.2 |
p-va'lue 0.926 0.030 - 0.827 10.509 :
StDev 0.158 4.025 4.655 1.246 !
Score | 0.020 0.455 0.045 0.136 212 0.164 i a i
New Bit  1.024 5.7 3.5 1.3
Old Bit 1.045 6.7 3.7 1.7
Difference 0.021 1.0 0.2 0.4
p-value  0.117 0.240 0.848 0.097
StDev 0.155 4.099 4.655 1.230
Score 0.133 0.244 0.040 0.346 0.191
ElighP:g_ss 1.044- 1 56 30 . 1.4 |
ow Press 1.055 | 6.8 e N WA RIS S ;
iaiffcrence 01012 112 I G LT 0L R ;
p-value . 0.720 , . | 0. 157, 0264~ _ 110.679 o
[StDey. - 011571 | 4.085 4.625 | 11248 |
lScore . 0,074 | .. 0294 ' 10232 | 0086 | _0.172 {
Full Speed 1.047 6.3 3.6 1.5
Stopped 1.053 6.2 3.6 1.5
Difference 0.006 0.0 0.0 0.1
p-value  0.860 0.970 0.999 0.806
StDev 0.158 4.130 4.656 1.248
Score 0.037 0.008 0.000 0.051 0.024



Table 7-2 Machine-Drilled Hole Quality Results

Roughness Conicality . Gouge Angle 'Gouge Number

Factor - Overall Score
No Pilot 1.074 3.9 6.0 1.9

Pilot Hole 1.076 0.7 3.2 0.8

Difference 0.003 32 29, .. .12

p-value 0.804 0.001 0218 0.069

StDev 0.026 2.045 5.558 1.495
~ Score 0.104 1.577 0.517 0.781 0.745

Long Bit 1.089 . 3.2 6.5 1.7 e
Short Bit_ _~ 1.061. 155 u27 8 £2180%
Difference  °0.028 1.7 3 B 017 235 3

-value 0.004 - 0.108 10.105 0311 1

tDev. 10.022 | (2495 ¢ 5.416 1.576 By 1
IScore 1316 ° ' | 0.685 0.691 0423 0.779 i
New Bit 1.069 2.6 5.5 1.3

Old Bit 1.081 2.0 3.7 1.3

Difference 0.013 0.7 1.9 0.0

p-value 0.240 0.546 0.427 1.000

StDev 0.025 2.627 5.674 1.614

Score 0.494 0.251 0.330 0.000 0.269
HighFeed '~ 1.078° 1.6 4.7 1.9.

LowFeed 1.072 3.0 4.5 0.8

ifference = 0.006 ' . 13 0:3 B 2Rt e o

-value’ 0.589 . 0212 0913 < 0.069

StDev 10.026.. . 2555 . 5756  1.495

Score i1 0224 0525 " 0.045_ ..0.781 0.394
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Figure 7-1 Comparison of O?verall Variability in (a) Hand Drilling and (b)

Machine Drilling
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7.1.1 Pilot Hole Results

As Figures 7-1(a-b) illustrate, the pilot hole produced. the greatest overall
variability in the hole quality tests. This factor resulted in more than twice as much
variability as the next most significant factor in the hand-drilled holes, and scored a close
second in the machine-drilled holes. In particular, the pilot hole resulted in clearly
significant differences in means in the hand-drilled tests in both conicality and gouge
mark angle. In the machine-drilled holes, it yielded a signiﬁcant difference in the
conicality and number of gouge marks.

The effects of the pilot hole on conicality are shown in the 95% confidence
intervals in Tables 7-3 and 7-4. Confidence intervals are described in Section 4.5.4. It
should be noted that the scales of the confidence interval plots for the two tables are
different. These results clearly show that the use of a pilot hole reduces the conicality of
the final hole. In fact, comparing these two tables shows that hand drilling with a pilot
hole is roughly equivalent to machine drilling without a pilot hole. Thus, using a pilot

hole makes hand drilling equivalent to machine drilling in the case of conicality.

Table 7-3 Effect of Pilot Hole on Conicality (Hand Drilling)

Factor Mean StDev ——t———timo—o—e—o o Fommm +
No Pilot Hole 7.800 4.768 . [ R )
Pilot Hole 4,758 2.646 (=-————-- *mmm e ) -

L mmm——— e o R T +
p-value = 0.000 - 4.5 6.0 7.5 9.0

Factor : Mean StDev, m=——4——=—————- Fommm e o -
No Pilot Hole 3.925 2.7981 i, .- . (m—mmmmm L J . )
Pilot Hole 0.700 0.732 ' (——===—km——mmee )

e e R e e
p-value = 0.001 0.0 1.6 3.2 4.8



This effect of the pilot holé‘.on conicality i's. likely due to three factors: the quick
' biting of the bit into the workpiece, the increased forward speed of the bit, aﬁd the
guiding effect of the pilot hole. Whérf ’;hgidrilling beg‘iris:: the pilot hole provides a
definite starting location for the bit, which can then instantly bite into the edges of the
hole. Without a pilot hole the bit ;:an wander across the surface before finding purchase,
sometimes in the wrong location. Not only does the cutting start more quickly with a
pilot hole, but it also pro;:eeds more quickly bécause less material must be removed,
reducing the opportunity for the bit to -“Wobble” at the beginning of the drilling, when the
bit is least constrained. Once the bit enters the workpiece the pilot hole guides the bit
throughout the remainder of the drilling, providing the bit with a predetermined path. In
the case of machine drilling, the drill press constrains the end of the bit, reducing the
amount that the tip can wander from its path, which produces less conicality than hand
drilling. However, the pilot hole significantly improves conicality even when the hole is
drilled by machine.

The gouge mark angle was also significantly affected by the use of thc_a pilot hole,

reducing the angle in hand drilling, as shown in Table 7-5. An interesting insight into the

cause of gouging can be made from these results. The angle of the gouge marks was
originally thought to be directly related to the forward speed of the bit, so that a higher
speed would produce a higher anglet_‘ However, the use of a pilot hole increases the
forward speed in hand drilling since‘ lééss }nateﬁal has to be rémoved, but it reduces the
angle of the gouge marks, suggesting é.‘that the forward speed of the drill does not affect

the gouge mark angle. This is conﬁnﬁed by the result of the machine drilling feed rate in
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Table 7-6, which shows essentially no difference on the gouge mark angle even though

the speed of drilling was increased threefold.

Table 7-5 Effect of Pilot Hole on Gouge Angle (Hand Drilling)

Factor Mean StDev —===——- o —————— fm———————— fmm———————
No Pilot Hole 5.378 5.849 (——=——- *em )
Pilot Hole 1.848 1.857 (~=--- e ) . -,

’ —————— T tatatated Fom S
p-value = 0.000 2.0 4.0 6.0

Factor - Mean StDev —---- e Fommm e Fom +-
High 4.725 4.598 (m==—mmmmm - Fmmm e )
Low 4.467 6.717 (-———=--———mmm——- Hemm e )
————— ettt e
p-value = 0.913 2.0 4.0 6.0 8.0

The use of a pilot hole also reduced the number of gouge marks. This was
evident in machine drilling, where there were more than twice as many gouge marks on
average in the holes drilled without a pilot hole than those drilled with the pilot hole, as
shown in Table 7-7. The combined results of the‘number and angle of gouge marks ‘show

that the formation of these marks is highly dependent on the use of the pilot hole,

suggesting that the formation of gouges is dependent upon the orientation of the bit in

relation to the workpiece, rather than the speed or quality of the drill bit.

Table 7-7 Effect of Pilot Hole on Gouge Number (Machine Drilling)

Factor Mean StDev ——4=—---———- dommmmee dommm e =
No Pilot Hole 1.917 1.730 = e Koo )
Pilot Hole 0.750 1.215 (-=m-=mmmm- R )

T Hommmmm o Fmmmmmm o
p-value = 0.069 ‘0.00 0.80 1.60 2.40
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7.1.2 Bit Length Results

The bit length produced a great amount pf variability in‘ machine drilling, as
shown in Figure 7-1(b), and is approximately equal to the effect produced by the pilot
hole. In hand drilling, however, the next four most significant factors after the pilot hole
are approximately equal and much less significant, as shown in Figure 7-1(a). The
greatest variability due to bit length is found in surface roughness—the only factor that
significantly affected roughness in either of the two tests. The bit length also
significantly affected conicality in both hand drilling and machine drilling. It caused
approximately equal variability in the gouge mark angle and conicality in machine
drilling.

The large surface roughness effect in machine drilling is confirmed in Table 7-8,
which shows that the longer bits increased surface roughness—probably due to “chatter”
of the bit, which was audibly very apparent during drilling. The difference in surface
quality was also visibly very apparent, as shown in Figures 7-2(a-b), which illustrates the
characteristic rippled surface caused by chattering. This effect does not appear in hand

drilling because the rear end of the bit is held in place only by the operator, so any

bucking of the bit is absorbed by the operator’s hand. In machine drilling, however, the
rear of the bit is firmly constrained by the massive drill press so that vibrations must be
absorbed by the workpiece. The longer the drill bit, the more it can deflect, increasing

chatter and, therefore, surface roughness.
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Table 7-8 Effect of Bit Length on Surface Roughness (Machine Drilling)

Factor Mean StDeV ' ——t-—mmmmse— e — S I
Long Bit 1.0891 0.0263 (——=————- ¥ m———— )
Short Bit 1.0608  0.0152  (-=--n-- R )

T — TR R —— e

p-value = 0.004 e 1.050 1.065 1.080 1.095

Figure 7-2 Bore of Hole Drilled With (a) Long Bit and (b) Short Bits

Conicality was affected by the bit length in both hand drilling and machine
drilling, although in opposite ways. A loﬁger bit produces less conicality in hand drilling,
as shown in Table 7-9, and greater conicality in machine drilling, as shown in Table 7-10.
This can be explained in part By the different ways that the bit is more constrained, as
~ discussed in the paragraph aBove. In hand drilling, the tip of the bit is constrained and
the loﬁg bit gives the operator more control over the angle of the bit, as he can see and
feel the orientation of the drilll to the workpiece more accurately with a longer bit.
Additionally, as the length of the bit increases, any straying of the hand produces a
smaller anglev relative to the workpiece. Conversely, in machine drilling the rear end of

the bit is constrained, and a longer bit allows the tip of the bit to deflect more, cutting into
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the material around the entrance of the hole. In fact, the longer bits used in this
experiment tended to produce slightly triangular hole bores, as shown previously in

Figure 7-3(a-b), giving evidence of increased deflection of the bit.

Table 7-9 Effect of Bit Length on Conicality (Hand Drilling)

Factor Mean StDev -—-—-—--- e —————— o ————— e ————— +

Long Bit 5.332 2.863 (=== R )

Short Bit 7.162 4.920 (==——————- [ )
------ B b e e it Tt

p-value = 0.030 4.8 6.0 7.2 8.4

Table 7-10 Effect of Bit Length on Conicality (Machine Drilling)

Factor Mean StDev -—t+---=---—- to—m—————- to————————- t-———-
Long Bit 3.167 3.