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Abstract

This paper describes the design and construction of
an air abrasive centre hole (AACH) drilling facility
and 1its application for measuring residual stress in ex-
truded aluminium rods as a function of processing route.
The AACH system facilitated normal (rectangular sided)
small hole drilling with precise optical location. Calibra-
tion tests indicated errors of typically 5%. For the ez-
truded aluminium rods examined significant tensile hoop
stresses were measured on the outer surface of rods which
were roll straightened; whereas for rods subjected to a
‘stretch’ straightening process, the outer surface residual
stresses were much smaller, compressive and randomly
oriented. Stress gradients measured through the thick-
ness of the rods showed stress reversal, with the mag-
nitude of the stresses on the inner surface lower than
those on the outer surface. A simple ring splitting pro-
cess yielded comparable but less accurate average resid-
ual stress results. From this investigation, it was appar-
ent that although the ‘stretch’ route resulted in improved
(i.e. reduced) residual stresses, the conventional process-
ing route was quite acceptable.

Introduction and background

Residual stress is the term applied to a stress system
which is locked into an article during its manufacture,
and which does not disappear during the natural relax-
ation of the article when all external load constraints
are removed.! Although such residual stresses frequently
tend to exist unnoticed, they are as real as any stress
arising from applied loads or service conditions. Resid-
ual stresses are very common and can arise from various
sources, such as transient temperature gradients, non-
uniform plastic deformation, or property changes arising
from fabrication or heat treatment operations.
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Nomenclature
AACH  air abrasive centre hole
/Ky sensitivity constant in the residual
stress equation
! direction of first principal stress from
the first strain gauge
€a strain measured by the first
strain gauge element
€b strain measured by the second
strain gauge element
Ec strain measured by the third
strain gauge element
€a axial strain
ey relaxed axial strain
< relaxed transverse strain
oy first principal stress
o second principal stress
vRa2/K, constant in the residual stress equation

They can arise from virtually every forming and fab-
rication process, for example: casting,? rolling,23
forming,? stamping,” drawing,! extrusion,? machining,?
or welding.?# These locked in stresses consist of a config-
uration of tensile and compressive stresses which are nec-
essarily in equilibrium (including thermal equilibrium),
and are independent of any applied loads or stresses.

Although the presence of residual stress in compo-
nents and structures has long been recognised,?>6 it is
only in the past few decades that emphasis has been
placed on their significant effect on service performance.
For example the sensitivity to stress-corrosion,’ fatigue
behaviour,”~ ¥ and measured fracture toughness!? can all
be influenced by the magnitude and direction of resid-
ual stresses and hence they can have a signif icant im-
pact on structural integrity, safety and reliability. Once
present in a product, or component, residual stress can
only be removed, and then usually only partially, by
special forms of post-processing, such as stretching,31!
vibration,!!!? annealing,?3 or various forms of heat
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treatment,!! such as post weld heat treatment (PWHT).
When the presence of residual stress is ignored, or when
stress-relief is not feasible, the residual stress ordinarily
remains in the product or component, except for some
possible shakedown in service, and may subsequentlv in-
teract with the applied stresses.

Residual stresses do not necessarily have an adverse
effect on a component. They may be considered to have
either favourable or unfavourable effects as seen from
the engineering point of view depending on the circum-
stances. They are generally harmful if they act in the
same direction as the critical applied stress, and benefi-
cial if acting in the opposite direction to the local applied
stress. Examples of the adverse and beneficial effects of
residual stresses are not hard to find, and include, re-
spectively, butt welded steel* and carburised gears and
gear teeth.3

Despite the widespread occurrence of residual stress
and its importance for affecting component service per-
formance and structural reliability, the subject is gen-
erally not well taught at many engineering universities.
In addition, perhaps as a consequence, the quantitative
evaluation and measurement of residual stress, and its
treatment in design, lags behind the generally more well
known stress analysis topics. There is therefore an ur-
gent need for techniques for the reliable and ideally easy
and non-destructive measurement of residual stress in
components, as it is generally very difficult to calculate
residual stress by analytical and computational methods,
frequently because of unclear boundary conditions.

There are, however, various experimental techniques
of residual stress measurement, each having their various
attributes and their own characteristic advantages and
disadvantages. These include the following:

e Diffraction techniques

X-ray diffraction!3.14

Neutron diffraction!5:16

e Stress sensitive techniques
Magnetic techniques!?:18
Ultrasonic techniques*1°

Hardness techniques?

e Cracking techniques
Hydrogen induced cracking*

Stress corrosion cracking*

o Stress relaxation techniques
The brittle coating technique*2°
Sach’s boring out technique!:3:4:21

The successive milling technique®

The trepanning or ring core technique??23

Ring splitting and tongue techniques!:32!

Deep hole drilling?*

Crack compliance techniques?®

e The centre hole drilling techniques, which include:

Low speed end mill drilling?6—2°

High speed drilling?6.28.2¢

Air abrasive drilling?6:29:30

In the present paper, the air abrasive centre hole
(AACH) drilling technique was chosen due to its many
advantages. Negligible machining stresses are induced
during the drilling process due to the low-inertia of the
tiny abrasive particles as well as the beneficial cooling
effect of the air jet dissipating any heat build up.26:3°
This is in contrast to other means of drilling — low
speed end mill and high speed air turbine, which can
result in significant hole induced stresses, particularly in
tough materials such as stainless steels which have high
strain hardening rates. The AACH technique is also a
proven, reliable and accurate technique,?® which may be
regarded as virtually non-destructive since only a small
blind hole, of approximately 1.5 — 2 mm diameter and
depth is produced.?¢:31 The equipment required is rela-
tively inexpensive and the technique is portable.?6 The
availability of such units is limited, however, and in the
present case a custom built in-house AACH system was
designed and built, based on the design of Beaney and
Procter.?6:31

This paper describes the theory of the AACH drilling
technique, the design and calibration of the required
equipment, and the application of the technique in the

measurement of residual stresses in high strength ex-
truded aluminium (7075-T6) rods.

The air abrasive centre hole technique

Principles and analysis of the centre hole drilling
technique

If a blind hole is drilled in an infinite or semi-infinite
plane sheet of elastic isotropic material, which is sub-
jected to a state of uniaxial stress, the radial stress at
the edge of the hole must necessarily reduce to zero.3? A
redistribution of the stress will occur in the vicinity of
the hole, since the hole itself can carry no stresses. The
radial stress in the vicinity of the hole is shown schemat-
ically in Figure 1.32
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Figure 1 Principle of the centre hole drilling technique. If a
hole is drilled in an infinite sheet of elastic isotropic mate-
rial which is subjected to a state of uniaxial stress, then a
redistribution of stress occurs in the vicinity of the hole. An
attached strain gauge rosette will detect a certain amount
of stress relaxation due to the drilled hole as indicated by
the cross-hatched area.
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If a strain gauge were to be attached to the sheet be-
fore drilling, over a distance of 0.5d to 1.5d from the edge
of the hole, where d is the diameter, then as the hole is
drilled the strain gauge will detect the strain associated
with the reduction in stress shown by the cross-hatching
in Figure 1. This is related to the relaxation in stress at
the edge of the hole. The relaxed strains measured by
the strain gauges on the surface of the component are
dependent upon the hole depth up to a certain point, be-
yond which further drilling does not significantly affect
the strain. Schajer,33 Bathgate,3* Kelsey,3® and Rendler
and Vigness?” have shown that the maximum strain has
been released when the hole depth is equal to the hole di-
ameter. Commercial suppliers, Micro-Measurements,36
and Standards’ recommendations3” specify that the hole
depth should equal 1.2 times the hole diameter to ensure
that the optimum stress has been relieved from the hole.

In practice, rather than a single strain gauge be-
ing located close to where the hole is to be drilled, a
three element strain gauge rosette is employed (typically
0°, 45°, and 90°) with the hole drilled at the common

focus of the gauges. The conventional mathematical
analysis®!32 allows only for cylindrical holes which have
side walls normal to the surface of the specimen. Partial
relaxation due to the drilled hole is measured, which is
limited. Therefore hole diameters should be sufficiently
large to relieve the maximum amount of strain possible,
with the limitation that too large a hole could affect the
strain gauge rosette due to machining effects. In addi-
tion, the technique should be nominally non-destructive,
as too large a hole could lead to degradation of the struc-
tural integrity of the component. As a result, strain
gauge manufacturers usually specify a range of hole sizes
to be used with their specific strain gauge rosettes.

In an attempt to increase sensitivity of the stress relax-
ation technique from hole drilling, Schajer3® has recently
proposed a hole drilling method whereby an inverse ta-
per hole is drilled using a specially shaped high speed
drill bit. This type of hole has the advantage of allowing
more strain relaxation, thus increasing the sensitivity of
the conventional hole drilling technique.

Regarding the application of the air abrasive centre
hole drilling method, it is important for the hole to be
‘drilled’ centrally and symmetrically with respect to the
three element strain gauge rosette. In addition, such hole
‘drilling’ needs to be undertaken in such a manner which
results in a cylindrical hole whose side walls are normal
to the surface of the specimen. This is achievable using
a fine jet of small (typically 50 ym alumina) abrasive
particles in a tilted and orbiting fashion, as described
later.

The analysis by which relaxed strains, as measured
from the surface mounted strain gauges, can be used to
infer the original residual stresses, depends on the as-
sumptions made about the residual stress fields. In par-
ticular there could be either a uniform stress distribution
or a stress distribution varying with depth. Frequently
the former uniform stress case is assumed because the
hole is small compared to the component size and the
stress distribution can be assumed to be approximately
uniform over this small depth. If it is known, however,
that severe stress gradients are present, a more in-depth
analysis is required, which is discussed shortly. For most
cases, however, the uniform stress distribution is widely
used and is presented here.

Uniform Residual Stress Distribution

The equations used for determining the principal resid-
ual stresses and their directions when a uniform residual
stress distribution is assumed are derived by subtracting
the biaxial stress solution for a thin plate from Kirsch’s
solution3® for a thin plate with a hole in it.4°

After some manipulation, the equations reduce to the
following:
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where o = first principal stress; 02 = second principal
stress; €, = strain measured by the first strain gauge
element; £; = strain measured by the second strain gauge
element; £, = strain measured by the third strain gauge
element; o = angle of ¢ from the first strain gauge
element; 1/K; = calibration constant; and vRy/K; =
calibration constant.

As regards notation, if « is positive as determined from
the strain input data, then it is measured in the direction
of the strain gauge rosette i.e. clockwise from strain
gauge 1.

Conversely, if a is negative, then it is measured in the
counter direction of the rosette from strain gauge 1.

Equation (2) has two solutions in the range of —90
< a < 90 which can lead to confusion, as reported by
Gupta*' and Wang.2 These two a solutions correspond
with the direction of the two principal stresses. To de-
termine the direction of oy, the signs of the numerator
(g4 + €c — 2¢3) and the denominator (g, — €4) are ascer-
tained, and the appropriate value of « is selected from
reference to rules or tables.3!

Certain researchers”4142 prefer to use other equation
constants in equations (1) and (2). Instead of 1/K; and
vKo/K;, they use A and B, but the equations are ef-
fectively similar. Constants A and B are dependent on
material constants E (Young’s modulus) and v (Pois-
son’s ratio), whereas 1/K; and vK2/K; can be regarded
as independent of these material constants,26:27:40 since
although still a function of v, the dependence is very
weak.%? Schajer?® has reported that finite element cal-
culations have shown, that for a hole of depth equal to
diameter, K varies within a 2% range and vK»/ K varies
from 0.27 to 0.32 for a range of v from 0.25 to 0.35. If a
uniaxial stress field is assumed, then 1/K; and vK2/K;
conveniently reduce to the following:26

1 €A
-1 3
K, 614 ( )
SI
vKa/Ky = L 4)
€a
where €4 = applied axial strain; ¢/, = relaxed axial

strain; and €%, = relaxed transverse strain.

Beaney,?6 and Beaney and Procter3? have shown
that vK2/K; can be approximated as 0.3 or 0.33 and
that 1/K; is a function of hole diameter, for a given
strain gauge rosette. These constants can be found
elsewhere 26,31

Thus when using the constants 1/K; and vK>/K;
only one calibration is required for all elastic isotropic
materials for a given hole diameter. In fact, one need
only look at the constants given by researchers such as
Beaney26:3! in order to determine these constants for a
range of hole diameters. Finally, in the event of holes
drilled not absolutely centrally, their eccentricity can be
taken into account?3 but the analysis is more complex,
and the effect small if the eccentricity is not excessive
(i-e. eccentricity less than about 4% of hole diameter).

Stress gradients varying with depth

Various attempts have been made to determine residual
stress variation with depth,$:7:33-3540,44=51 which have
been less or more successful. These include the incre-
mental strain method, the average stress method, the
power series method and the integral method. These
various methods attempt to calculate the residual stress
gradient, within the hole from incremental strain data. It
has been shown33:46 that the incremental strain method
and the average stress method are generally somewhat
inaccurate.

The power series method, developed by Schajer,4?
makes use of finite element calculations to compute se-
ries of coefficients used to calculate residual stresses. It
is particularly useful when analysing smoothly varying
residual stress fields and many hole depth increments are
made.

The integral method has been made practical by
the use of finite element calculations as a calibration
procedure. Initial developments of this method were
made by Bijak-Zochowski,?! Niku-Lari et al.,” and Fla-
man and Manning,%® which were further developed by
Schajer.33:5% Although the procedure developed by Fla-
man and Manning was mathematically equivalent to
Schajer’s solution, the latter’s formulation is easier to
use. The integral method considers the contributions to
the total measured strain relaxation by the stresses at all
depths simultaneously,33:46 and is a viable and practical
procedure for calculating stresses varying with depth.>°
It is best suited to the case where residual stresses vary
sharply and where only a few hole depth increments are
made.

As a final comment on non uniform stress distribu-
tions, Kabiri®? suggested that since there is no means of
determining how the stresses vary near the hole, except
by drilling another hole; a new 5-element strain-gauge
rosette should be manufactured and employed. His rea-
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soning was that a linear stress field, as opposed to a
uniform stress field, could then be assumed and anal-
ysed. The analysis presented by Kabiri is a complex and
lengthy one. Furthermore, residual stresses are complex,
so more than one reading would be needed anyway.

Shaw and Chen*® proposed a method of measuring
stresses varying in all directions. However they also sug-
gested that in order to obtain the residual stress dis-
tribution over the whole specimen, several strain gauge
rosettes should be attached to the specimen at appropri-
ate positions. Lu and Flavenot*® suggested that chains
of strain gauges could be used to measure the stress gra-
dients in a plane. This configuration could also avoid
plasticity effects due to the stress concentrations caused
at drilled holes in large stress fields, but this approach is
expensive in strain gauges.

It is felt that by using the standard 3-element strain
gauge rosette intelligently and by having a good un-
derstanding for the problem at hand, it would not be
necessary to use special 5-element or chain strain gauge
rosettes, and such exotic rosettes have not achieved any
great popularity. The use of conventional rosettes, to-
gether with the design of the air abrasive facility, is de-
scribed in the next section.

Design, construction, and calibration of the
AACH drilling equipment

The main points pertaining to the design and calibration
of the AACH drilling equipment are discussed in this
section; further details can be obtained elsewhere.?3

The principle of the design of the AACH drilling equip-
ment was similar to a unit designed by Beaney and
Procter.26:31 The present facility resulted in an inexpen-
sive working system, with essentially locally manufac-
tured components.

Design requirements

In order to perform accurate residual stress measure-
ments, the design requirements of the AACH drilling
equipment were to provide the following capabilities:

1. Accurate positioning to within 20 gm of the com-
bined strain gauged specimen / drill facility system,
so that a hole could be drilled in the centre of the
attached strain gauge rosette.

2. The ability to position the hole drilling device the
required distance of 1.5 mm3! above the specimen.

3. Accurate drilling of the required hole size and ge-
ometry.

4. Accurate measurement of the hole diameter and
depth, as well as any eccentricity or hole taper.

5. The extraction of swarf, debris, and alumina parti-
cles from the work area.

6. Supply an air-alumina stream at the operational
pressure (5.5 bar, in this case).

The most important of these requirements was the
hole drilling operation. As mentioned previously, drilled
holes were required to have sides at right angles to the
surface, or so called ‘vertical’ sides (if the workpiece was
horizontal). Such normal holes facilitate the use of the
conventional mathematical derivations?6:3! as opposed
to inverted tapered hole derivations.3® To enable these
holes to be drilled accurately, standard 0.46 mm sap-
phire nozzles were used which could be replaced when
worn by the abrasive powder. For best results and low
nozzle wear, the ideal nozzle to work surface distance
was 1.5 mm.3!

HOLE PROFILE
WITH STATIONARY NOZZLE

Alr + Powder

HOLE PROF ILE
WITH NOZZLE AT ANGLE

Alr + Powder

| /

(a (b)
HOLE PROFILE
¥ITH ORBITING OFFSET NOZZLE
Alr + Powder
\
\
A
Offset
angle
| Offset
diameter|
'// 7//
// Y %//

(c)

Figure 2 Various hole profiles for different nozzle orien-
tations. If a nozzle was held stationary (a), an acceptable
tapered hole was produced. By tilting the nozzle (b), it
was possible to produce a hole with one ‘vertical’ side. By
tilting and offsetting the nozzle and allowing it to orbit (c),
it was possible to produce the required hole geometry.
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Were a hole to be drilled with the nozzle held sta-
tionary and perpendicular to the work surface, then a
roughly rounded yet tapered hole, with the section ap-
proximately as shown in Figure 2(a) would result. Since
such a hole has non-vertical sides, it is far from ideal.
However if the nozzle were to be slightly tilted, a hole
with one vertical side could be produced as shown in
Figure 2(b) . In addition, if the nozzle were to be given
a certain offset and orbited, a vertically sided hole of
chosen diameter could be ‘drilled’. This concept is illus-
trated in Figure 2(c).

In order to fulfil the above requirements, an optical
unit compatible with a drilling unit was proposed. The
extent of their compatibility was that they would both
be capable of being secured in a common guide bush.
A test specimen could thus be accurately positioned be-
neath the guide bush with the aid of the optical unit
and thereafter a hole drilled in the desired position with
minimum deviation by replacing the optical unit, in the
guide bush, with the drilling unit.

The optical unit

The item numbers given in this section refer to the de-
sign drawing shown in Figure 3. In order to achieve its
requirements, the optical unit consisted primarily of the
following;:

1. An eyepiece (15 X magnification) mounted in a
micrometer head with both fixed and moveable
crosshairs, 1n a manner similar to a conventional
Vickers hardness indenter.

2. An objective lens (50 x magnification, 25 mm focus
length).

3. A ring illuminator (item 7) pressed into the lower
end.

The principle used for the focusing of the optical unit
was based on keeping the two lenses a fixed distance
apart. This enabled hole depths to be measured by fo-
cusing on the top and then the bottom of the hole and
reading the distance the optical tube holder (item 1)
had moved, from measurement engravings on the opti-
cal adapter (item 3).

The drilling unit

The item numbers given in this section refer to the design
drawing shown in Figure 4. The drilling unit consisted
of many small components with close tolerances so that
consistently well drilled holes could be produced. A pho-
tograph of the designed drilling unit is shown in Figure
5.
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1. Optical tube holder 7. lllumination ring
2. Focus adjuster 8. Optical tube

3. Optlcal adapter 9. Alr bearing bush
4. Securing ring 10, Guide bush

5. Air nozzle {1. Grub screw

6. Guide clamp 2. Circlip

Figure 3 Assembly drawing of optical unit (but without
the removable Vickers hardness type eyepiece).

In order to achieve the required hole, as described ear-
lier, the drilling unit was designed with an inlet tube
(item 7) through which the air-alumina stream entered,
an air tube (item 8) through which the air-alumina
stream passed, and a 0.46 mm sapphire nozzle (item 22
— imported from SS White Industries in the USA — part
number 353-1942x). Nozzle offset screws were provided
in the offset gimble (item 26) to achieve the required hole
diameter. Tilt adjustment screws were provided in the
grub screw collar (item 15) to vary the nozzle tilt. A
motor (2.4 V, 24 rpm) pulley system (items 18, 19 and
23) rotated the running tube (item 21), and thus the
nozzle (item 22). In order to prevent the inlet tube from
rotating, and thus the air-alumina supply hose from be-
coming twisted and entangled, a stabilising unit (items
28, 29, and 30) was designed.

Vacuum extraction of debris and alumina particles
in the work area was achieved by placing the vacuum
shroud, (item 2) over the work surface and connecting
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a domestic vacuum cleaner to the vacuum outlet tube.
Debris was sucked from the work surface, and passed
between the running tube (item 21) and the air tube
housing (item 6) and through the vacuum holes in the
running tube (item 21). The vacuum housing (item 16)
had two O-rings (item 20) on its inside. These created a
seal between the running tube (item 21) and the vacuum
housing (item 16) so that ideally no abrasive particles
were able to come into contact with moving parts.

A seal was created on top of the running tube by
placing a neoprene seal (item 14) over the opening and
clamping it down with an end washer (item 13), which
was secured with a fastening nut (item 27).

Guide bush fixture and stand

The item numbers given in this section refer to Figure
4. The guide bush fixture and stand can also be seen in
Figure 5. The guide bush was an extremely important
feature of the unit. It remained in a fixed position pro-
viding a universal bush fixture for both the optical and
drilling units, so that any specimen could be carefully
aligned before drilling.

The guide bush (item 1) incorporated an air bearing
(item 24) and had a bayonet f itting machined in it to
hold the vacuum shroud (item 2) . Both the optical and
drilling units f itted in it and were secured by a securing
ring (item 3). The air bearing was employed solely for
the optical unit, so that the optical unit could be ac-
curately centered in it, with air being supplied through
the copper nozzle in its side. When using the drilling
unit, a light coat of oil was applied to the drilling unit
so that there was lubrication between the metal contact
surfaces.

The guide bush fixture was screwed into a guide clamp
(item 25) to enable fine height adjustments of the drilling
unit to be made, thus facilitating a nozzle tip to work
surface distance of 1.5 mm. The guide clamp in turn was
able to be moved vertically by the stand arrangement
(see Figure 5) for coarse height adjustments.

The pneumatic circuit and alumina supply

Compressed air was obtained from a compressor at 6
bar, and was passed into an SS White Airbrasive model
K%* machine, where it was regulated to 5.5 bar. The SS
White Airbrasive machine fed alumina particles into the
air stream by means of a mixing chamber (similar to an
inverted salt shaker) mounted on a vibrator, which could
be controlled. The air-alumina stream then entered the
drilling unit through a hose attached to the inlet tube
(item 7 of Figure 4) . The air supply to the air bearing
(1tem 24 of Figure 4) was tapped off from the pneumatic
circuit, before the SS White machine
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1. Gulde bush 17. Motor mounting
2. Vacuum shroud 18. Timing belit pulley
3. Securing ring 19. Timing belt pulley
4. Supply head 20, O-ring
5. Adapter 21. Running tube
6. Air tube housing 22. Sapphir nozzle
7. Inlet tube 23. Timing belt
8. Air tube 24, Alr bearing bush
9. Belt casing Iid 25. Gulde clamp
10. Belt casing bottom 26. Offset gimble
11. Belt casing wall 27. Fastening nut
12. Splgotted zollar 28. Stabillizer rod
13. End washer 29. Stabilizer arm
14, Seal 30. Stabilizer pase
15. Grub screw collar (not shown)
16. Vacuum housing

Figure 4 Assembly drawing of the drilling unit

Calibration of the drilling unit

Before the experimental programme could be under-
taken and even though the equation constants 1/K; and
vKy /K are specified,?6:31 calibration of the drilling unit
facility was required. This calibration was undertaken
primarily to check on hole geometries and centering,
and also to compare stresses inferred from the residual
stress AACH strain gauge rosettes with directly applied
stresses.
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Figure 5 Photograph of the drilling unit. Note, from the

top, the drilling unit can be seen held in the guide bush

with the air-alumina and vacuum hoses connected to it.

Beneath it is a calibration specimen which is held in a
rotational 2-D cross vice.

With respect to the ‘drilled’ hole geometries, the com-
bination of offset and tilt capability were such that en-
tirely normal or ‘vertical’ holes, perpendicular to the sur-
face, could be drilled. A cross-section of such a drilled
hole is shown in Figure 6, which shows the hole to be
vertically sided.

For the stress calibration aspect, a rectangular speci-
men was prepared and strain gauged so that it could be
loaded in simple tension. The reason for this being that
the equation constants conveniently reduce to simple ex-
pressions, as shown in equations (3) and (4), when con-
sidering a uniaxial stress field. Since it was not known
whether any residual stresses were present in the cali-
bration specimen to start with, the following previously
accepted method®:30:32:35:45 was followed:

1. An aluminium bar was loaded axially to various
known load levels within the elastic limit using a
servohydraulic testing machine. (Stresses needed to
be kept below 0.30y in order to prevent plasticity
eflects due to the hole which was to be drilled.)
The corresponding strains under these loads were
recorded.

2. The specimen was unloaded and holes were drilled
in the centre of the attached strain gauge rosettes.

3. The calibration specimen was located back in the
servohydraulic test rig, the strain gauge readings
were reset to zero and the specimen was reloaded
to the previous load levels with the corresponding
strains again being recorded.

4. The relaxed strains were calculated by subtracting
the strains obtained in step 3 from those obtained
in step 1.

Figure 6 Section through a 'drilled’ hole

By using this method, illustrated in Figure 7, any in-
herent residual stresses in the calibration specimen, such
as rolled in stresses, were effectively cancelled out.

From the results obtained, 1/K; and vK2/K; com-
pared favourably to their documented values. The re-
laxed stresses were rederived from the relaxed strains
and compared to their applied values by plotting a cal-
ibration curve of measured versus applied stress. This
is illustrated in Figure 8, where it can be seen that
an acceptably close correlation using this technique was
achieved. From these comparisons, it was found that the
technique could be used with a 95% confidence level.53

Application of the AACH drilling technique

A situation where residual stress was believed to be play-
ing a role was in the service performance of rods used

R & D Journal, 1996, 12(2) 61



Figure 7 Photograph of a calibration specimen in the
axperimental rig

in the mining industry for surface drilling exploration
work.%® The basic rod was extruded f rom a billet into a
seamless tubular section and subsequently straightened
and heat treated. For service these rods are made up
by manufacturing standard taper pipe threads on the
inner diameter at both ends of the rods. Steel fittings
were coupled to the ends of the rods, and tightened to a
specified torque.®®

As part of a rod quality assurance programme, me-
chanical tensile tests and compositional analysis of the
alloy were undertaken. The microstructure was also ex-
amined and finally linear elastic fracture toughness tests
carried out.®® The results of the mechanical, composi-
tional and fracture toughness tests showed that the rods
were indeed within specification®® from these points of
view. Microstructural tests indicated that there were no
unusual inclusions or phases in the material that may

have been detrimental to the rods, properties®® or perfor-
mance, but there was some limited evidence of environ-
mentally assisted fatigue at the root of the first thread.?®
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Figure 8 Graph of the average calculated relaxed stresses
versus the applied stresses (solid line). The dashed line
represents equal stress on both axes.

If the rods were indeed susceptible to environmentally
assisted cracking in the vicinity of the sharply machined
threads, then the source of stress to initiate such crack
development required investigation. The question that
needed to,be answered was ... what had initiated crack
growth? There were two possible suggestions: (i) the
over-torque of the steel fittings (which was a problem
that had been known to occur in the field), and (ii) the
presence of significant residual stresses.®” In view of this
latter issue, a research project was undertaken to mea-
sure residual stress of drill rods as a function of process-

ing route. This paper addresses this question using the
AACH drilling technique.

Experimental details

In this investigation three rods were considered for eval-
uation from a series supplied, Each rod was manufac-
tured by a similar but slightly different proprietary man-
ufacturing and heat treatment route. These routes were
termed the ‘old route’ (rod A), which was the original
manufacturing route used; the ‘stretch route’ (rod E),
which differed from the ‘old route’ in that the straight-
ening process was performed by means of a simple stretch
as opposed to passing the rods through a series of reels
oriented in a 3-D fashion; and the ‘new route’ (rod F),
which differed from the ‘old route’ in the order of the
sequential processes

The experimental procedure considered an initial geo-
metric evaluation of the rods, followed by AACH drilling
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to measure the residual stresses predominantly on the
outside surfaces of the rods, but also on their inside sur-
faces and at mid-wall thickness locations. Thereafter,
various rods specimens were subjected to ring splitting
residual stress measurements, which involved splitting
the specimens through their wall thicknesses.?! By mea-
suring the change in outer diameter, the average resid-
ual hoop stresses were calculated in the rod specimens.
These ring splitting measurements were conducted in
order to compare the results of a relatively simple (if
slightly less accurate) technique well suited to shop floor
applications, to the more precise one.

Results and Discussion

(1) Geometric evaluation

From the geometric evaluation it was found that all three
rods had an initial bending deflection (curvature), some-
what similar to an arched bow — Figure 9. Rod F had
been cut short, but if its full length had been received,
then it appears that it would have a similar curvature
to rods A and E, with two points of local maxima. It
was not surprising that rod E had the smallest amount
of curvature, since'it had been straightened by a simple
stretch process slightly in excess of its 0.2% proof stress.
Rod F, which had been passed through the straightening
reels on two different occasions (as opposed to once for
rod A), appeared to have a smaller curvature than rod
A, presumably for this reason.
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Figure 9 Comparison of the bending deflections of the
three rods

: T T
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(ii) Residual stress measurements

The main results which were found are summarised in
Tables 1 and 2.3 It should be noted that a careful error
analysis was undertaken®? on approved lines,>%:32 which
indicated that an error in residual stress of typically up
to 6.2% could be expected. It can be seen from Tables!
and 2 that rod F (‘new route’) had the highest measured

residual stresses and that the residual stresses in rod E
varied from compressive on the outside to slightly ten-
sile on the inside, in contrast to rods A and F. It was
also found that the maximum principal stresses in rods
A and F generally acted in the hoop (or circumferential)
direction of the drill rods, as expected from the extru-
sion and subsequent drawing processes; whereas in the
case of rod E, the stresses were randomly oriented and
distributed in an approximately equi-biaxial fashion. In
Table 1, the average refers to the mean of four readings
taken around the circumference, at a section.

Table 1 Summary of residual stresses on the outer
surface of the rods

Stress RodA RodE RodF
Maximum Max 136.9 -1.3 215.2
principal Min 63.9 —27.9 87.6
(MPa) Avg 85.6 -13.3 121.9
Minimum Max 74.2 —-8.8 118.3
principal Min —13.2 —39.6 7.6
(MPa) Avg 28.9 -22.0 50.9
Hoop Max 134.5 —-4.3 215.1
(MPa) Min 62.1 -37.9 74.3
Avg 82.9 -19.9 116.6
Long Max 76.6 —1.3 118.4

(MPa) Min 9.8 —28.1 8.3

Avg 32.8 —15.3 52.6
Ring Max 76.6 -7.3 101.9
split Min 47.6 -31.7 53.2
(MPa) Avg 59.4 —-17.9 76.9

Table 2 Stress gradients (MPa) through the thickness
of the rods. Note. the mid-wall thickness measurements
were made at a distance of 3.3 mm in from the outer
surface, with the total wall thickness being
approximately 9.6 mm.

Pos. Stress
Rod ratio Outside Midwall Inside
A 1/2 105.0 —-51.2
E 1/2 —6.0 -37.0 6.8
F 1/4 139.0 48.9 -31.5
F 3/4 215.0 56.1 —58.8

The drill rods were divided into specimen lengths of
70 mm. To facilitate angular orientation, a clock face
analogy was considered when viewing the rods end on,
with the 12 o’clock position at the top of their curvature
and the 6 o’clock position at the bottom. The maxi-
mum principal residual stresses measured on the outside
surf ace of rods A and F and the maximum compressive
residual stresses measured on the outside surface of rod
E. are plotted as a function of distance along the length
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of the drill rods at the 12, 3, 6, and 9 o’clock positions,
as shown in Figures 10—12.

160
a
_________________________________________ 12
0 /AK o"clock
120 4 —--/---————\-\- ------------------------------ ;
/ r——-a .
T ey k& _____ ./_?\/\___\_ _________ o'clock
- N+ a
o]l 2T N ZSL NN 6
A ~ ~ A o"¢lock|
\—n_—__ —— ]
604 —mmmmmmmmmm e mm e T e T TN e +
N
P U, S o'clock
204 - e
0lll]’l'lllllllllll[l'l|l||—|7'_|'[|']'|l|
6 11 16 21 26 31

SPECIMEN NUMBER

Figure 10 Maximum AACH principal stresses as a function
of distance along the length of rod A
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Figure 11 Minimum AACH principal stresses as a function
of distance along the length of rod E
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Figure 12 Maximum AACH principal stresses as a function
of distance along the length of rod F

R & D Journal, 1996, 12(2)

As can be seen, the maximum stresses in rods A and F
tended to exist at the 6 o’clock position, while the max-
imum compressive stresses in rod E were effectively ran-
domly distributed — again consistent with the randomly
oriented, nominally equi-biaxial stress fields previously
observed. It was hypothesised that the reason for the
trend of the maximum residual stresses occurring at the
6 o’clock positions in rods A and F, was due to straight-
ening. Since the rods were obviously more bent before
straightening than after, the superimposed straightening
stresses would be tensile at the 6 o’clock position and
compressive at the 12 o’clock position. This hypothesis
was further substantiated by noting that the stresses in
rod F were higher than in rod A, and that rod F had
been straightened more than rod A.

The ring splitting results showed that, although the
residual stress results were lower than in the AACH
drilling case, similar trends in the residual stress dis-
tributions were measured. In fact further comparison
betv.een the results yielded from the two techniques,
showed that the ring splitting hoop stress results were
a factor of typically 756% of the outer surface residual
hoop stress results measured with the AACH drilling
technique, with a variance of approximately 14%, as il-
lustrated in Figure 13.
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Figure 13 Comparison of average AACH and ring splitting
hoop stresses for rods E and F
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(iii) Contribution of residual stress to service
performance

The question of whether residual stress plays any signifi-
cant part in service performance needed to be addressed.
Problems were experienced with rods manufactured ac-
cording to the so called ‘old route’, therefore the results
of rod A are examined here. Some high residual stresses
were indeed measured in rod A, for example 137 MPa in
specimen 8A at the 6 o’clock positions. However, on av-
erage the stresses were much lower — see Table 1 — and it
would depend on the service loads whether these stresses
are regarded as unacceptably high. It had been reported
that environmentally assisted crack growth (corrosion fa-
tigue but not stress corrosion cracking (SCC)) had oc-
curred at the first engaged thread of some drill rods,>®
which was near the centre of the rod wall thickness. If
the stress gradient of rod A was considered, it could be
reasoned that the stresses in this area are low. However
it is not known how the machining of the thread at the
end of the drill rods affected the residual stress distribu-
tion, since no threaded samples were examined. In addi-
tion the measured residual stresses were predominantly
in the hoop direction yet there was no evidence of any
longitudinal crack development. It was thus considered,
from the physical evidence, that such problems that had
occurred were more probably due to the threaded cou-
plers (which connect the drill rods) being over-torqued,>®
or bad handling aspects, rather than excessively high
residual stresses due to manufacture. This had created
a perception of rods being unacceptable, and this percep-
tion had turned out to be false. Indeed, if there were to
have been consistently high residual stresses contributing
to pipe cracking, the problem would have been generic,
with vast numbers of pipe failures (from SCC) and this
was not the case! Indeed pipe failures were remarkably
rare.5%

Nonetheless it was evident from this study that the
‘stretch route’ provided an improved marufacturing
route, even though the stretch may be expensive to incor-
porate into the production line process. The advantages
of the stretch route were that the induced residual stress
appeared to be low and compressive which is advanta-
geous from a service viewpoint.

Concluding remarks

An air abrasive centre hole drilling device was designed
and built, based on a similar system due to Beaney and
Procter.26:3! It could be used as an accurate and reliable
method of residual stress measurement and was used tc
measure residual stress values within an accuracy of ap-
proximately 6%. The AACH as well as the simpler ring
splitting techniques were both used to perform residual

stress measurements on sample (7075-T6) rods used in
the mining industry.

For these rods, the highest residual stresses were found
on the outer surfaces of the ‘new route’ processed rod
(rod F), followed by the ‘old route’ processed rod (rod
A), with tensile values of 215 and 137 MPa, respec-
tively. The ‘stretch route’ processed rod (rod E), exhib-
ited the lowest residual stresses and these were opposite
in sign (i.e. compressive) with a maximum compressive
value of —39.6 MPa. Furthermore, stress reversal existed
through the wall thickness of the rods, with a ‘maximum’
inside surface stress value of —51.3 MPa, 6.8 MPa, and
—58.8 MPa for rods A, E, and F, respectively. For rods
A and F, the first principal stress was aligned predomi-
nantly in the hoop or circumferential direction; whereas
for rod E, stresses acted more biaxially, or in effectively
randomly distributed directions.

The residual stresses measured using the ring splitting
technique compared well with, and followed the trends
exhibited by, the AACH drilling results. However, being
a through thickness average rather than a measure of
localised surface stress, they were lower in magnitude —
typically 75%. Although the rod sampling was limited,
it was considered, from the residual stress tests under-
taken, that residual stress effects did not and do not play
a significant role in inhibiting service performance of the
rods.
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