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ABSTRACT

The deep-hole drilling (DHD) method is a residua¢ss measuring technique commonly
used in isotropic materials. This paper providegaastigation into using DHD to determine
residual stress fields in orthotropic laminated posite materials. In this method, a reference
hole with a small diameter is drilled through a @ament that has residual stresses. The
diameter of the hole is carefully measured usinga@nprobe as a function of depth and
angular position inside the hole. The residualssis are then released by trepanning a core
of larger diameter from around the hole. The di@met the hole is afterwards re-measured
at the same angular positions and depths as imrigsnal measurements. Changes in the
shape of the hole are related to the residualsgsethat were present before the hole was
drilled. For orthotropic materials, the calculatiohresidual stresses requires the evaluation
of distortion coefficients which rely on the meclzah properties of the components. In this
work, the finite element method and analytical agpnations are used to determine these
coefficients. Using this technique, the in-plansidaal stresses in an AS4/8552 composite
laminate are experimentally measured and comparédite element predictions as well as
to classical laminate theory. It was determined Wigen using DHD in laminated materials
the ratio between the thickness of the layers haddference hole and trepan diameter needs
to be sufficiently high, otherwise remaining ingerlinar shear stresses in the trepanned core
leads to inaccurate measurements.

1 INTRODUCTION

Deep-Hole Drilling (DHD) is a technique that allowse measurement of residual stress
fields through very thick components. This techeigaquires that a small diameter hole is
drilled through a component that contains residiti@sses. The hole diameter is accurately
measured (generally using an air probe) as a famaif both depth and angular position
inside the hole. The residual stresses in the coenoare afterwards released by machining
away a core of larger diameter from around the.hbhe relaxation of residual stress distorts
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the shape of the reference hole. The referencedialeeter is subsequently re-measured at
the same angular positions and depths. The refereale distortion is lastly related to the
residual stresses that existed in the componentédefilling the hole.

The main assumption of this method is that thdinigilof the reference hole has no effect
on the residual stress state and that removingdhe causes the residual stresses around the
hole to be fully released [1, 2]. The deep holdidg technique has usually been used on
metal parts such as in welds [3-5] and railwayksg®]. In metallic components, EDM can
be used to trepan a central core around the referbale since additional residual stresses
introduced by this method are not significant.

An attempt to apply this technique to a laminatadbon-fibore composite was made by
Bateman et al. [2]. In this investigation, EDM auiot be used to machine the core around
the reference hole because CFRP is not conduatidda this reason a diamond encrusted
hole saw was selected instead. Moreover, the acallynhodel to allow the change in hole
shape to be related to the original residual stessms extended to take into account the use
of an orthotropic material.

2 ANALYTICAL MODEL

The DHD technique is based on the measured radsbrtion to determine the
components of the residual stress from the referdéote. The formulation to the case of far
field biaxial stresses plus shear stress can bedsés

_ 1 1
u= E[feiax + go,0x + hGiTxy] ( )

where for isotropic materials

fo, = 1+ 2cos 26;
9o, =1 — 2cos 26;
hgl. = 4sin 291

and(9; = 1...N) is the measurement angle.

In the case of orthotropic materials these digiortioefficients depend on the mechanical
properties of the component. Additionally, the tielaship between the longitudinal direction
of the material (fibre direction) and the measunetangle (air probe angular position during
experiments) must be taken into considerationFsgpare 1.
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Figure 1:Unidirectional laminate showing the relationshigvieen the fibre directio(a) and measureme
(0) angles in reference to the global axes.

For this analysis, these coefficients for the stddmnaterial were calculateanalytically
and alsousing the finite element software ABAQUS considgrthe mechacal properties

given in Table 1.

Engineering consta Value
E: [GPa 13t
E> [GPa 9.€
Es [GPa 9.€
012 - 0.2
012 — 0.3
023 — 0.435
G2 [GPa] 5.2
Giz [GPa] 5.2
Gos [GPa] 3.4

Table 1: Mechanical propertiof AS4/8552.

Lekhnitskii [7] demonstrates an approximate solutio determine the distortion of a hi
in an orthotropic material after applying a fardistress in the princal material direction.
In his analysis the distortion of the circular h@eelated by the variation in diameter in
loading direction and armal to the loading directiorLekhnitskii’'s analysis can only
appliedto determine the coefficients rela to direct stress using equatid$ and (3)

g b

f@i_z n E2

M B B
gei_z n; E2

E;

cos 26;

2

cos 26;

1+n; + 5 (2)
1 E,

El El 3

(1 + nz)Ez + E2 ( )
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Nevertheless, the authors present an approximdteioso to calculate the remaining
coefficient corresponding to far-field shear stresisig equation (4).

E;, m(k+1) 4
hg, = [2G12 + > +k— U12] cos 26; (4)
where
Ey E;
= |2 ’_ _
ny E, Vip |+ Gy
E, E,
n; E, V21 Gi
E
k= |—
E,

For the ratios of material properties of an unediional AS4/8552 laminate, the
coefficients provided by finite element analysis given by

fo, = 149 + 5.21 cos 20;
go; = 15.89 — 19.51 cos 26;
he, = 30.04sin 26;

On the other hand, the coefficients calculatedgughe analytical solution are

fo, = 1.49 + 5.24 cos 26;
go; = 15.90 — 19.65 cos 26;
hgi = 30.05sin 291

The results of the finite element simulations amélgical calculations are shown in
figures 2(a), (b) and (c) which indicate a sigrafit agreement. The figures show the
normalised radial distortion of the hole, whichthe radial distortion multiplied by the ratio
of the principal material modulus to the appliedffald stress, versus the angle.
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Figure 2: Finite element and analytical calculagiofthe normalised radial distortion of the hodesus the
angle around the hole for (a) faeld direct stress applied in the x direction, far-field direct stress applied
the y direction and (c) f-field applied shear stress.
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The radial distortion is normally measured at ndi#ferent angles and at least three
measurements are required to obtain accurate sesitlhe relation of the measured radial
distortions and the residual stress is given by

(5)

The use of the minus sign is required because ati@lrdistortions are measured after
releasing the residual stresses. The matricesxaressed as

ﬁl(a:@l f@l ng h@l
Oy
u = | tlo=g, M=|fo, 9o ho, °" [Gyl
: |+ i Txy
lﬁlq):@NJ Lf@}v Joy h@NJ

where N is the number of angular measurements.l\ afte residual stresses are
determined from the measurements of the radiabiishs of the hole by

6=—-EM"- @ (6)

whereM* = (MT-M)~1. MT is the pseudo-inverse M.

3 EXPERIMENTAL PROCEDURESAND RESULTS

An AS4/8552 composite laminate of 18 mm in thicleesnsisting of 10 layers with
different orientations was used to perform the DidBasurement, see Figure 3. To allow the
measurement of residual stress using DHD, front read bushes were bonded using high
strength adhesive to the specimen, centred orotiaion of the measurement.

The use of bushes has several benefits providdup $er the fixation of the essential
components for gun drilling and air probing and tdbote to guide the hole saw
perpendicularly to the specimen. Additionally, thegcrease the effects of the air probe
entrance and exit during the measurements of theneters and help to avoid fibres
delamination when the drill enters and exits thecspen.
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Figure 3: (a) lllustration showing the layer arrangnt specimens and the bushes required for a DHD
experiment (b) Composite laminate after conductirgDHD experiment

After drilling the reference hole, the air probeswatroduced to measure precisely the
hole diameter every 22.5° around it and at evefy fdm through it, resulting in nine
measurements of diameter in total for every axiglifpon. The air probe is not able measure
accurately near a surface, nevertheless the frahtear bushes allow measurements near the
surface of the specimens.

A hole saw was selected to perform the trepannimeggss which has the advantages of
being faster than electrical discharge machiniri@ME and not requiring an electrolyte to be
used. The hole saw used during the experiment lihanaeter of 10 mm and was diamond
tipped. Following the trepanning procedure, thenditer of the hole was re-measured using
the air probe.

Lastly, the residual stresses were determined tlwenradial distortions of the reference
hole to reveal the residual stress distributiormashin Fig 4. The globaty directions have
been used instead of the principal material dioastiin each layer. Therefore, for stresses
within the 0° layers, theo, stress component is the stress in the fibre decthile for
stresses within the 90° layers, the stress compeneas the stress in the transverse direction.
The experimental results are compared to Laming@oitware based on classical laminate
theory) predictions and DHD simulations using tlane and different reference hole and
trepan diameters as in the experiments.

The highest and lowest predicted stresses i tiieection are of the order of 20 and 65
MPa in compression, in the 0° and 90° plies re$pagt On the other hand, the expected
stresses in thg direction remained approximately on 36-38 MPa be specimen. The
predicted magnitude of the shear stress is venthoaughout the entire laminate.
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Figure 4 Comparison of the determined residual stresstwilglobal axex (a),y (b) and inplane sheaxy (c)
using Laminator, DHD experiment and DHD simulatiavith different reference hole and trepan diame



C. Garza, D.J. Smith, A. Shterenlikht and NPdvier

A comparison between the DHD experiment and the DiifBulation using a reference
hole of 3 mm diameter and a trepan diameter of B® shows a close agreement in the
longitudinal and transverse components as welhadr-plane shear component. However,
these values significantly disagree with residuedss predictions using Laminator, which
suggests that a considerable amount of residwedssts were not relaxed after trepanning the
core. This issue can be resolved by using a smdileension for the reference hole and
trepan diameters. After selecting 0.5 mm and 1 nomthfe reference hole and trepan
diameters respectively in a further DHD simulatibe disagreement between the obtained
results and Laminator predictions did not excegdlae of 5 MPa in all cases.

4 CONCLUSIONS

The deep-hole drilling technique has become a atanmhethod for the measurement of
residual stress in isotropic materials, especidtythick components. The work described
here is an extension to the method to allow thesm@ament of residual stress in orthotropic
materials such as thick composite laminates. Tladyais of the distortion of a hole in an
unidirectional orthotropic material after applyiagfar field stress is essential in this case.
Lekhnitskii’'s analysis is used to determine thefficents related to direct stress and the
authors present a new approximate solution to (@kuthe remaining coefficient
corresponding to far-field shear stress. All aneflly calculated values for the three
coefficients were then numerically validated bytérelement analyses.

After conducting a deep-hole drilling experimentam18 mm thick AS4/8552 composite
plate, measurements showed a good agreement \githwdation using the same reference
hole and trepan parameters, but a significant ejisaricy was found when compared with
Laminator predictions. It was determined that, whsemg DHD in laminated materials, the
reference hole and trepan diameters must be mualesrthan the thickness of the layers in
order to reduce the effect of remaining interlamisiaear stresses in trepanned cores which
can significantly lead to inaccurate measurements.
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