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Abstract 1 Introduction

Many techniques can be used to measure resid-
ual stresses, but most only work close to the sur-
face of a component. The deep hole drilling
(DHD) method [1] provides complete, through-
thickness, measurements of residual stress which
can be used to validate numerical models. A
small, high-precision, accurately aligned hole is
drilled through the component and its diame-
ter is measured to a high degree of accuracy at
many angular orientations and depths. A cylin-
der of material co-axial to this hole is then cut
free by electro-discharge machining. This re-
leases the residual stresses contained in the core
of material and causes the diameter of the initial
hole to change. By measuring the new diame-
ter at the same angular positions and depths, the
residual stress field may be determined. In this
paper, DHD is used to determine the through-
thickness residual stress distributions in a mod-
ern aerospace component. In addition, conven-
tional incremental centre hole drilling (ICHD) is
used as part of an integrated measurement pro-
cedure [2] to determine the near-surface residual
stresses at the same location in the same compo-
nent. Furthermore, neutron diffraction measure-
ments of residual stress are made on the compo-
nent in order to validate the results.

The deep hole drilling technique for residual
stress measurement is introduced as a practical
and versatile technique for measuring through
thickness residual stress distributions in alu-
minium alloy aerospace components. Details and
recent developments of the technique are pre-
sented and then deep hole drilling is used to de-
termine the through thickness residual stresses in
a stepped aluminium alloy, AI7XXX, plate orig-
inating from the wing skin of a modern civil-
ian aircraft. In addition to deep hole drilling
(DHD), conventional incremental centre hole
drilling (ICHD) is also applied at the same sur-
face location in order to provide the detailed near-
surface residual stresses, and neutron diffrac-
tion is used to validate measurements. The re-
sults presented demonstrate that DHD and ICHD
work well together to provide both near-surface
and through thickness residual stress distribu-
tions. The results are in reasonable agreement
with the neutron diffraction results which as-
sumed a constant stress-free lattice parameter
value. The methodologies and techniques de-
scribed in this paper will be used in the forth-
coming EU-FP 6 project ‘COMPACT — A con-
current approach to manufacturing induced part
distortion in aerospace components’ as part of a
suite of complementary residual stress measure-
ment techniques. 2 Component and measurement details

Measurements were made on a 280mm long and
150mm wide stepped plate, with the thickness
varying from 30mm to 6émm, Fig. 1. The
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plate was fabricated from a larger plate of rolled
AlI7XXX series alloy, used in the wing skin of

a modern civilian aircraft. The challenge im-
posed to the application of the deep hole drilling
technique arose from the relatively low level and

3 Residual stress measurement methods

3.1 The Deep Hole Drilling (DHD)Technique

The deep hole drilling technique determines the

rapid variation of residual stresses generated nearfesidual stresses in a component by measuring

to the surface and consisted of evaluating the
ability of the technique to accurately resolve the
residual stress distribution near to the surface.
Both ICHD and DHD measurements were
made at the locations shown in Fig. 2 using
the integrated approach described in [2] and il-
lustrated in Fig. 3. The measurement equip-
ment for both techniques was co-located on the
specimen. First, a strain gauge rosette was at-
tached to the surface to enable the ICHD mea-
surement, undertaken using a conventional Mea-
surement Group RS200 drilling rig. On comple-
tion of the ICHD measurement, the air turbine
assembly of the RS200 drilling rig was replaced
by a guide cylinder assembly in order to permit
DHD measurements to be made. The diameter
of the reference hole used in the DHD measure-
ments was slightly larger than that used in the
ICHD measurement. A schematic diagram of the
experimental arrangement is shown in Fig. 3.
Neutron diffraction measurements were also
made at locations shown in Fig. 2 on the
ENGIN-X instrument at the ISIS facility, UK.
For the measurements, a small gauge volume of
2x2x2mn? was used, to allow a large number
of measurements to be made within the plate.
The interval between measurement points was in-

the distortions of a reference hole in the com-
ponent after a column of material containing the
reference hole as its axis is removed. Step 1 con-
sists of drilling a small reference hole through
the component of interest. Step 2 consists of
accurately measuring the diameter of this refer-
ence hole using an air probe. Diameter measure-
ments are made at many angular positions and
at many depth intervals. In step 3, a column of
material containing the reference hole as its axis
is coaxially trepanned free of the component us-
ing an electro-discharge machining (EDM) tech-
nique. Finally, step 4 consists of re-measuring the
reference hole diameter at the same angular posi-
tions and depths using the same air probe. The
distortion of the reference hole diameter in the
plane normal to the reference hole axis is used
to determine the in-plane residual stress field. It
is assumed that the stresses relieved by the intro-
duction of the reference hole are negligible and
that the trepanned core completely relaxes in a
linear elastic manner after trepanning. The anal-
ysis also assumes that the trepanned core may be
considered as many independent block-lengths.
Each independent block-length may be viewed as
an infinite plate containing a hole subjected to a
uniform, uni-axial stress. Further details of the

creased deep inside the plate as the variation of DHD method may be found in [3, 4].

the stress field (shown by the DHD measurement)
was less severe, and due to the limited beam-
time available to conduct the measurements. The
‘stress-free’ lattice spacingly, was obtained by
making measurements on a cube of material ex-
tracted from one corner of the specimen, also
shown in Fig. 2.

Accurate measurements of the reference hole
diameter, steps 2 and 4 above, are made using an
air probe at 18 angular positions. The initial ref-
erence hole diameter is denoted ) é&nd the
reference hole diameter after trepanning is de-
noted byd’(8). Measurements af(6) andd’(0)
are taken at depth intervals of 0.2mm in order
to determine the through-thickness distribution of
residual stress in the component. The difference
in the reference hole diameters before and after
trepanning is thus given by

(1)
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The reference hole distortions are related to the
relaxation of residual stress in the component in
the plane normal to the reference hole axis. The
reference hole distortions may be used to deter-
mine the normalised radial displacement around
the hole,u,(0), which in turn may be prescribed
in terms of the in-plane residual stress compo-
nents,0xx, Oyy and oy, through the elasticity so-
lution for a hole in an infinite plate [5],

Ad(®) 1
o)~ E
Oyy(1—2c0sB) + 0xy(4SinD)|(2)

Urr(0) = (1+2cos®) +

The normalised radial displacement(0) is lin-
ear with respect to the unknown stresegg oyy
andayy, and can be expressed as

Ad(B)  f(B)ox+9(8)ayy +h(0)oxy
de) E ’
3)

wheref(8),9(0),h(6) are known from Eqn. 2.

During application of the DHD method, ra-
dial distortions are measured at 18 angular posi-
tions, denoted®1,...,01g). Egn. 3 may there-
fore be re-written in matrix notation as

Urr (8) =

Urr (1) f(81) 9(81) h(61)
Ur(82) | 1] f(82) 9(62) h(6)
: - E : : :

Urr (B1g) f(618) 0(B18) h(B1g)
Oxx
Oyy (4)
Oxy

or .
WZ—EM2D°0, (5)

where e denotes matrix multiplication. As the
matrix M ,p is non-square, and only three resid-
ual stress componentsy(z),0yy(z) and oyy(2)

where

ED:<MZD.M£|%).M-2|—D (7)
is the pseudo-inverse of matii#,p, andMJ is
the transpose of matriM op.

The locations of the DHD measurements are
shown in Fig. 2. Prior to drilling, bushes were ad-
hered to the outer and inner surfaces of the header
for both of the DHD measurements. Reference
holes with diameters of 3.18mm (DHD location
1) and 1.5mm (all other locations) were then gun-
drilled through the bushes and the component,
proceeding from the outside surface and penetrat-
ing fully through the thickness. The bushes were
used to provide a stress free calibration measure-
ment and to provide reference points to aid in
the depth alignment of the measurd®) and
d’(8) values [6]. The diameter of the gundrilled
reference hole was then measured at 18 angu-
lar positions (in equal intervals of 1pfor each
depth increment of 0.2mm using a compressed
air probe. The airprobe provided a direct reading
of the reference hole diameter by measuring air
pressure, which was in turn calibrated using pre-
fabricated high precision discs containing holes
of well-defined radius. A cylindrical core of ma-
terial containing the reference hole as its axis was
then trepanned using a hollow copper EDM elec-
trode with a diameter of 10mm for the 3.18mm
reference hole and 5mm for the 1.5mm reference
holes. After trepanning, the reference hole diam-
eter was re-measured through the thickness of the
header using the air probe. The measured refer-
ence hole distortions were due to the relaxation of
residual stress field contained within the core of
material. The analysis technique described above
was used to interpret the distortion measurements
and derive the in-plane residual stress compo-
nents. The residual stress measurement results

need to be determined, a pseudo-inverse matrix is gbtained using the DHD technique are described
used and an optimum stress vector is determined jn the next section.

using a least squares fit to the normalised radial
displacement data [4]. The optimum stress vec-
tor that best fits the measured normalised radial
displacementdj;, is

__EMZD.UIT

(6)

3.2 The incremental centre hole drilling
technique (ICHD)

In the integral method (IM) the contributions
of the residual stresses at all depths to the sur-
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face strain relaxation are considered simultane-
ously. When strain relaxations are determined
experimentally from a sufficiently large number
of strain gauge measurements with gradually in-
creasing hole depth, and calibration is available,
the inverse problem of stress reconstruction can
be solved numerically. In practice, the maximum
hole depth is divided in intervals and the residual
stresses in each interval are approximated by sim-
ple distributions using either piecewise functions
[7, 8, 9, 10], spline functions [11], or wavelets
[12, 13]. For generality, Schajer [10] suggested
that the hole depth is treated as a nondimensional
variable, by normalising it with the distancg,
from the centre of the hole to the location of
strain relaxation measurement. This is shown in
Fig. 1.

The classic procedure, using piecewise func-
tions, provides acceptable results in many prac-
tical problems. Leby andaoyi be the equiva-
lent uniform residual stresses within th&layer
(see Fig. 1) an@y andby the influence coef-
ficients providing strain relaxations due to unit
uniform residual stress within th&" layer of a
hole containingh increments and having a depth
hh. The strain relaxation along thedirection is
then given by [14]

Son = % i;[(l+V) ani (Ox + Oyyi)
(8)

whereE is Young’s modulusy is Poisson’s ra-
tio andn=1...N is the depth increment. The
influence coefficients can be obtained from cu-
mulative influence functiond andB determined
by FE analysis [10]. By measuring strain re-
laxations in three directions, three equations of
the same form as Eqn,(8) are formed which may
be solved simultaneously and permit the three
in-plane residual stress componeiatg, oy, and
Tyy, t0 be determined. It may also be noted that
the through-thickness stress componemy, is
neglected.

It is mathematically convenient to decouple
the equation set using transformations of the
strain and stress variables. For instance, for a

+bni (Oxi — Oyyi )],

three-element strain gauge rosette (1, 2, 3), with
elements orientated at,045° and 90, the rec-
ommended transformed straing,, gn, t,, and
stressesy, Qn, Ty, are given by

3 €
- M )
Eyn — €
On = w (10)
tn _ Exxn — Zexyn + 8yyl’] (1 1)
2
and
P — Oxxn + Oyyn (12)
2
Qn = 2020 (13)
Ty= 20T EOn (g

P and p represent the mean ‘pressure’ of the
residual stresses and their corresponding ‘volu-
metric’ strains, respectively, whereas the other
four variables represent the shear stress and strain
components.

The set of three equations, of form similar to
Eqgn. (8), linking measured strains with residual
stresses may conveniently be written in matrix
form and solved to give the stress componé&his
Qn andT,, and the principal stresses;max and
Onmin. INn matrix form, it follows that

E

P=—A"1
1+v

T=EB™ ',

(15)
wherep, q andt are the vectors of the trans-
formed strainsP, Q and T are the vectors of
the transformed stress components, AnahdB
are lower triangular matrices containing the in-
fluence coefficienta,; andby,;, respectively. The
vectors of the principal stressasnax and Omin,
and their orientation, can be recovered from
the calculated stress componeRt€) andT,

p, Q=EB g,

1 T
Omax, Omin = P+ 1/ Q%+ T2 Bzéarctan<6 )
(16)
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4 Results

4.1 Thick plate section

Figure 4 shows the results of all measurements
performed through the thickness of the ‘thick’
section of the plate, namely at locations DHD1,
DHD2, ND1 and ICHD1 shown in Fig. 2. All
methods display the same residual stress distri-
bution with a small variation of amplitude. It can
be seen that the general stress distribution of the
measurement DHD?2 is higher than the DHD1,
which can be explained by the core size differ-
ence, i.e. 10mm for DHD1 and 5mm for DHD2.
The neutron diffraction measurement and ICHD
measurements were in relatively good agreement
with the DHD measurements.

4.2 Medium plate section

Figure 5 shows the results of all measurements
performed through the thickness of the ‘medium’
section of the plate, namely at locations DHD3,
DHD3, ND2 and ICHD2 shown in Fig. 2. It can
be seen than both DHD measurements are identi-
cal. The ND measurement has the same shape
than the DHD measurement with lower ampli-
tude. The ICHD measurement is in good agree-
ment with others measurement.

5 Conclusions

The incremental centre hole drilling and deep
hole drilling techniques applied for residual
stress measurement in the aluminium alloy
aerospace component worked well as comple-
mentary techniques. Results demonstrated that
the residual stress distribution in components can
be optimally resolved by using the incremental
centre hole drilling technique for depths up to ap-
proximately 1mm from the surface and the deep
hole drilling technique for depths greater than
1mm. Sub-surface deep hole drilling measure-
ments performed at different locations confirmed
very good repeatability of the deep hole drilling
technique. More generally, all of the measure-
ments revealed a very low state of residual stress
in the component.
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Fig. 1 Photograph of the stepped aluminium alloy plate
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Fig. 2 Schematic diagram of the stepped aluminium alloy platedisfiensions are in mm
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Fig. 3 Schematic of integrated DHD and ICHD
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Fig. 4 Near-surface and through-thickness residual stresshdison measured in the thick section of
the stepped plate by ICHD, DHD and neutron diffraction
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Fig. 5 Near-surface and through-thickness residual stresshdison measured in the medium section
of the stepped plate by ICHD, DHD and neutron diffraction



