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Following drilling, fatigue life trials were performed on as-drilled and deburred specimens made from Ti-6Al-4V, AA7010 and AA2024, with feed rates
varied at 2 levels. Deburring dramatically increased the fatigue performance of the Ti-6A1-4V and AA7010 samples by 69% and 283% respectively, but
there was no significant effect on the AA2024 alloy. Fractography showed failure initiated near the exit burrs in Ti-6Al-4V and AA7010 specimens but
not in the AA2024 workpieces. Correlation (R?) of fatigue notch factor against the sum of entrance and exit burr height was 0.68 and 0.79 for Ti-6Al-4V

and AA7010 respectively, compared to 0.54 for AA2024.

Deburring; Fatigue; Fracture analysis

1. Introduction

Carbon fibre reinforced plastic (CFRP) composites now account
for the majority of weight in modern civil aircraft structures
(~50% of Boeing 787), with more traditional titanium and
aluminium alloys liable for ~35% of the overall weight [1]. Many
of the critical load bearing sections of the fuselage and wings
consist of hybrid composite-metallic assemblies which require
the drilling of high tolerance holes for mechanical joining [2]. The
integrity of such joints is a critical consideration and substantial
research has been undertaken relating to the effect of drilling
operations on fatigue performance. The majority of work has
focussed on the influence of hole machining marks/scoring,
surface roughness and residual stress [3-6], with only limited
studies devoted to evaluating burr formation on fatigue
behaviour. Results from comprehensive trials performed by
Koster el al. [7] involving 7.93 mm diameter tapered interference-
fit fastener holes in AA7175-T73511 aluminium alloy, indicated
that the presence of exit burrs up to ~0.5 mm high had no
detrimental influence on the fatigue life of the joint, as none of the
associated failures initiated in the burred region. Work by
Noronha et al. [8] to assess the fatigue performance of drilled and
reamed fastener holes (6.35 mm diameter) in AA7475-T7351,
similarly concluded that burrs had no discernible impact on
specimen fatigue behaviour, as no cracks were observed to
originate from the burrs.

Nishimura [9] investigated the effect of burrs (fabricated by
milling) on the fatigue performance of Ti-6Al-4V specimens
having holes drilled at diameters of 1, 2, 5 and 10 mm. The burrs
were found to significantly reduce fatigue life by up to two orders
of magnitude compared with corresponding non burred
specimens, but only in test pieces with small diameter holes (1
and 2 mm). For specimens with larger holes (5 and 10 mm
diameter), no major degradation in fatigue life was observed as
peak stress caused by the burr decreased with increasing hole
size. In an evaluation of drilled and reamed AA2024-T3 open hole

specimens (4 mm diameter), Lanciotti and Polese [10] showed
that deburring enhanced the workpiece run-out fatigue strength
by ~34%. Work by Barter et al. [11] provides reinforcement for
this stance based on inspection of a wide range of post service
metallic airframe components from both commercial and military
aircraft, to ascertain the types of manufacturing induced
discontinuities/defects that initiated fatigue failure. One of the
examples highlighted included a poorly deburred fastener hole,
which was identified as the source of fatigue cracks in a
decommissioned AA7075-T6 wing spar.

It is likely that the conflicting results detailed in the literature
regarding the effect of burrs on the fatigue life of drilled
components is in part due to the large variation in workpiece
surface integrity and operating test conditions employed by the
different researchers. The current work aimed to examine the
influence of burr formation and feed rate on the fatigue
performance of drilled titanium and aluminium alloy specimens.

2. Experimental work

Fatigue testing was performed on a Phoenix twin-column servo-
hydraulic machine having a load capacity of 100 kN with a
maximum head stroke and loading frequency of 50 mm and 50 Hz
respectively; see Fig. la. The 3 aerospace grade materials
assessed were Ti-6Al-4V annealed at 800°C for 1 hour, together
with 2 aluminium alloys; AA7010-T7451 and AA2024-T351 in the
solution treated, water quenched and aged condition. Both of
these alloys were subsequently stress relieved by controlled
stretching (1.5-3%). The rectangular fatigue specimen blanks
were cut from a single slab/billet of each alloy along a consistent
alignment to avoid any directionality effects in the workpieces.
Each side of the test samples was finish face milled (depth of cut
of 0.125 mm) symmetrically to final dimensions of 150 x 17 x 7
mm (L x W x H) in order to ensure flatness and equilibrium of
residual stresses. A single through hole was subsequently drilled
at the centre of each test specimen on a 3-axis machining centre
using 6.35 mm diameter solid WC twist drills, see Fig 1b for



sample fatigue specimens. This resulted in a theoretical stress
concentration factor K: of 2.26 for the open hole specimens. Two
different feed rates were used; 0.07 and 0.14 mm/rev for the Ti-
6Al-4V and 0.08 and 0.24 mm/rev for both the AA7010 and
AA2024 workpieces, while cutting speed was kept constant at 10
and 50 m/min for the Ti and Al alloys respectively. The low and
high feed rate levels were selected to generate large and small
exit burr heights respectively based on results from a previous
publication [12], which also details the drill geometries used in
the present work. All holes were drilled with cutting fluid
supplied externally at a flow rate of 52 1/min.

Thread
couplings

Gripping
jaws

Drilled AA2024
specimen
Drilled AA7010
Specimen

Hydraulic/ﬂ Load cell
! piston ram

Fig. 1. (a) Fatigue test setup and (b) sample test specimens.

Tension-tension fatigue experiments were undertaken based on
a standardised wing loading spectrum used by Airbus, which
entailed room temperature testing at a frequency of 15 Hz and
stress ratio (R) of 0.1. The free/unclamped length of the
specimens held between the grips was 70 mm. Restrictions
relating to fatigue machine access and workpiece material
availability however precluded testing to obtain full S-N curves.
As a consequence, fatigue performance in terms of the number of
cycles to failure was assessed at a pre-determined load for each
material based on published S-N data for a fatigue life of
~200,000 cycles (at equivalent Kt and stress ratios). The load
levels utilised were 28 kN (net stress of 375.6 MPa), 14 kN (187.8
MPa) and 13 kN (174.4 MPa) for the Ti-6Al-4V [13], AA7010 [14]
and AA2024 [15, 16] samples respectively. All selected
loads/stresses were within 97-109% of the maximum loads
employed in published fatigue data derived from flight load
spectra simulation [17-19]. Test specimen preparation and
loading parameters were based on fatigue testing procedures
utilised by Airbus in accordance with ASTM E466 standards [20].

Trials were carried out according to the full factorial
experimental array outlined in Table 1 involving two replications
of each run, giving a total of 12 tests for each material. The burr
height and width at hole entry and exit locations of the as-drilled
specimens were measured using an Alicona InfiniteFocus G5
microscope (at 10X magnification and 0.5 um resolution) prior to
fatigue testing with results shown in Table 2. Deburring was
achieved by introducing a 50 x 50 pum chamfer on both ends of the
hole using a 90° countersinking tool at a feed rate and cutting
speed of 0.05 mm/rev and 5 m/min respectively, with cutting
fluid delivered externally. Specimens were tested to failure or up
to a run out of 1 x 106 cycles. Fractography analysis of the failed
fatigue specimens were performed using optical and scanning
electron microscopy (SEM).

Table 1
Experimental array and variable factor levels for the fatigue tests.

Test AA2024 / AA7010 Ti-6Al-4V
Feed rate Hole condition Feed rate Hole condition

1 0.24 Deburred 0.14 Deburred
2 0.08 As-drilled 0.07 As-drilled
3 0.24 As-drilled 0.14 As-drilled
4 0.08 As-drilled 0.07 As-drilled
5 0.24 As-drilled 0.14 As-drilled
6 0.08 Deburred 0.07 Deburred
7 0.24 As-drilled 0.14 As-drilled
8 0.08 Deburred 0.07 Deburred
9 0.24 Deburred 0.14 Deburred
10 0.08 Deburred 0.07 Deburred
11  0.24 Deburred 0.14 Deburred
12 0.08 As-drilled 0.07 As-drilled
Table 2

Hole exit and entry burr height/width measurements.

Exit burr height/width (um) Entry burr height/width (um)

Test TiGAL-4V AA7010 AA2024 Ti-6AI-4V AA7010 AA2024
1 0/0 0/0 0/0 0/0 0/0 0/0

2 52/190 65/16  58/17  25/100 8/13 13/29
3 23/127 11/17  12/16  20/48  23/12  30/28
4 50/195 67/15  60/15  26/95  7/12 11/28
5 19/123 10/17  13/15  19/44  22/14 27727
6  0/0 0/0 0/0 0/0 0/0 0/0

7 217192 13/16  14/16  22/95  24/13  26/27
8  0/0 0/0 0/0 0/0 0/0 0/0

9 0/0 0/0 0/0 0/0 0/0 0/0
10 0/0 0/0 0/0 0/0 0/0 0/0
11 0/0 0/0 0/0 0/0 0/0 0/0
12 49/124 64/16  57/17  24/43  9/13 12/29

3. Results and discussion

3.1. Fatigue performance evaluation

The influence of hole condition on the number of cycles to
failure at the specified stress levels for each of the workpiece
materials drilled at high and low feed rates are shown in Figs. 2
and 3 respectively. Samples with deburred holes generally
exhibited superior fatigue life compared to the corresponding as-
drilled workpieces, although differences in performance were
observed depending on the drilling feed rate and specimen
material. For trials involving holes drilled at the high feed rate
level, the average number of cycles to failure of the deburred Ti-
6A1-4V, AA7010 and AA2024 specimens were ~69%, 190% and
8% higher respectively than the as-drilled counterparts. Similarly
when drilling with the low feed rate level, deburring improved
the mean number of cycles to failure of the Ti-6Al-4V, AA7010
and AA2024 open hole samples by ~48%, 283% and 93%
respectively. A major factor contributing to the lower fatigue life
of the as-drilled specimens was the presence of defects including
microcracks and spalling/chipping at the entrance/exit regions of
the holes, similar to those shown in Fig. 4, which detail sample
SEM micrographs of internal hole exit burr surfaces drilled in
AA2024 and Ti-6Al-4V at low feed rate levels. Such flaws can act
as areas of stress concentration (due to sharp geometrical
variations) and fatigue crack initiation sites, thereby accelerating
failure of the specimens. In addition, the mechanism of burr
formation is primarily due to plastic deformation of uncut
material and is therefore generally strain hardened. Although
work hardened material typically possess higher yield strength,
associated ductility is generally lower compared to the initial
undeformed material, leading to a lower threshold in plastic
strain to failure. These conditions tend to promote cracking (and



hence fatigue initiation sites), rather than plastic deformation of
the burr when under the influence of elevated stress levels.
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Fig. 4. Sample SEM micrographs of internal hole exit burr surfaces drilled
in (a) AA2024 and (b) Ti-6Al-4V.

Compared with high feed rate results, the average number of
cycles to failure was typically greater by up to ~193% for
specimens drilled at low feed rate irrespective of hole condition.
The exception to this was the as-drilled AA7010 specimens where
fatigue life increased by ~17% when drilled at the higher feed
rate level, although a comparatively larger spread of the data was
observed in this case. The larger exit burrs typically obtained in
the as-drilled specimens when machining at the low feed rate
level did not appear to have a detrimental effect on the number of
cycles to failure in the Ti-6Al-4V and AA2024 materials. A
possible reason for the improved fatigue life of specimens drilled
at low feed rate was the reduced hole surface roughness.
Typically the average roughness for AA2024 holes varied
between 0.7 and 1.0 um Ra when drilled at low and high feed

respectively, whereas for Ti-6Al-4V, the corresponding values
were 0.8 and 1.4 um Ra. Suraratchai et al. [21] concluded that
differences in surface roughness was the predominant factor
affecting the fatigue strength of rough and finish milled AA7010
alloy.

Statistical analysis of variance (ANOVA) was carried out to
assess the significance (at the 5% level) of varying feed rate and
hole condition on the mean number of cycles to failure for the 3
workpiece materials tested. For the AA7010 specimens, hole
condition was the sole statistically significant factor with a
percentage contribution ratio (PCR) of 73.9%. While the
deburred AA2024 samples also exhibited higher mean number of
cycles to failure than the as-drilled specimens, this factor was not
statistically significant at the 5% level. Instead, variation in feed
rate was found to be significant with a PCR of 43.4%. The
comparable fatigue performance of the as-drilled and deburred
AA2024 specimens and in particular those drilled at the high feed
rate level, was possibly linked to the material’s under-aged
condition (T351) and resulting workpiece microstructure.
Despite having moderate yield strength (324 MPa), the AA2024-
T351 alloy is characterised by good fracture toughness and
resistance to fatigue crack growth, leading to enhanced damage
tolerance [22]. These mechanical properties arise from the
presence of inter-granular under-aged precipitates that impede
the rate of damage progression by deflecting the path of crack
propagation [23], as illustrated by the schematic in Fig. 5a. This
possibly outweighed the detrimental effects of burrs in the as-
drilled specimens. In contrast, the AA7010 material, which was
subjected to the T7451 over-aged temper condition, contained
larger/harder to shear precipitates that obstruct the path of the
crack, thereby forcing dislocations to ‘bypass’ the particles by
moving around them [24], see Fig. 5b. Experimental observation
of fatigue crack growth profiles in under-aged (T351) and over-
aged (T7351) AA7475 aluminium alloy reported by Carter et al.
[25] revealed that a saw-tooth crack path was prevalent in the
former while a comparatively straight profile was seen in the
latter. Additionally, the rate of fatigue crack growth of the under-
aged alloy was found to be ~2000% slower than the over-aged
material (at a stress intensity range AK of 10 MPa.m2) [25].

Crack deflection [e] o)

O O Q Over-aged precipitate
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Fig. 5. Schematic showing mechanism of crack propagation in alloys
processed in (a) under-aged and (b) over-aged condition.

The ANOVA for fatigue life of the Ti-6Al-4V specimens showed
similar trends to the AA7010 alloy, where hole condition was a
significant factor affecting the mean number of cycles to failure,
and a corresponding PCR of 62.6%. According to results from
finite element (FE) simulations of drilling Ti-6Al-4V reported by
Abdelhafeez et al. [26], the maximum compressive residual
stresses predicted at the hole surface was -500 MPa to -711 MPa
when operating at feed rates of 0.07 to 0.21 mm/rev respectively.
The difference in hole surface residual stress when varying feed
rate from 0.07 to 0.14 m/rev was estimated to be only 14.6%
based on linear interpolation. This was probably insufficient to
have any marked influence on fatigue life considering the
relatively high levels of compressive residual stress in both
specimens.  Therefore, the higher anticipated stress
concentrations induced by the presence of burrs is likely to have
a more pronounced effect on fatigue performance.



3.2. Specimen fractography analysis

All of the samples evaluated fractured near or along the middle
plane through the centreline of the hole corresponding to the
location of highest axial stress (smallest net cross sectional area)
in the specimen. No visible signs of necking were observed in any
of the test pieces, which suggests that the samples suffered brittle
fracture (over a major part of the specimen cross section) due to
fatigue crack initiation and propagation caused by the cyclic
loading. Examples of failed test specimens are shown in Fig. 6.

Fig. 6. Examples of failed test specimens.

Fig. 7 details optical and corresponding SEM micrographs of the
fractured surfaces on AA2024 fatigue samples from selected
trials. In the majority of cases, fatigue cracks initiated on the
drilled surfaces towards the middle section of the hole away from
the edge locations (Figs. 7a and 7c) with the exception of Test 6,
where cracks occurred ~100 um from the deburred region of the
hole exit, see Fig. 7b. These observations appear to corroborate
results from the previously detailed ANOVA, indicating that hole
condition did not have a significant effect on the mean number of
cycles to failure in AA2024 specimens.
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Fig. 7. Selected optical and SEM micrographs of fractured surfaces on
AA2024 fatigue specimens.

Figs. 8 and 9 illustrate representative optical and SEM
micrographs of fracture surfaces from selected AA7010 and Ti-
6Al-4V specimens respectively. For the as-drilled samples, fatigue
cracks typically originated around the vicinity of the exit burrs
(Figs. 8b and 9b), while damage in the deburred specimens
generally commenced at distances of ~200-390 pum from either
the exit or entrance of the hole, see Figs. 8a and 9a. This suggests
that the presence of burrs due to the drilling operation acted as
stress concentrators, which had a substantial influence on the
fatigue life of both AA7010 and Ti-6Al-4V workpiece materials.
Conversely, deburring strengthened the edges and shifted the
fracture initiation sites away from the entry and exit positions of
the holes.
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Fig. 8. Selected optical and SEM micrographs of fractured surfaces on
AA7010 fatigue specimens.
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Fig. 9. Selected optical and SEM micrographs of fractured surfaces on Ti-
6Al-4V fatigue specimens.

Fatigue crack initiation sites in all of the specimens were
characterised by transgranular facets up to ~130 pm in size. This
represents Stage [ of fatigue failure and was primarily induced by
localised plastic strain fields/slip bands due to the presence of



machining defects on the hole surface or burrs, rather than
inherent flaws within the material. The continued application of
cyclic loading led to relatively slow but stable
growth/propagation of the cracks (Stage II), characterised by the
‘shiny’ fracture surfaces on the optical micrographs in Figs. 7-9.
These were accompanied by the formation of fatigue striation
marks (usually seen in most ductile alloys) generally caused by
cyclic plastic blunting of the crack tip and extension during the
loading cycle [24]. As the stress intensity range (AK) reached a
critical value due to increasing crack depth, dimpled/rough
fracture surfaces were observed due to void nucleation and
coalescence [23]. Here, the rate of crack propagation progressed
rapidly (Stage III), with certain sections of the failure surface
found at an angle of ~45° to the loading direction [27].

3.3. Fatigue notch factor estimation due to burr formation

The fatigue notch factor (Ky) is a parameter normally employed
to estimate the fatigue life/strength of notched components
(defects acting as stress raisers). It typically has a lower value
compared to the theoretical stress concentration factor (K:) and is
sensitive to the size of the notch/defect and material strength.
The general definition of Kr is the ratio of the endurance limits
between a notched and corresponding un-notched/smooth
specimen [24]. Following the derivation of fatigue notch factors
based on experimental fatigue data from Section 3.1, exponential
regression was utilised to determine correlations between Krand
characteristic burr dimensions for each workpiece material.

For notched specimens subjected to cyclic loading, the mean
stress at the edge of a notch (onotcn) can be linked to Krand mean
stress of a smooth sample (g0) by Eq. (1) [24].

Onotch = Kf ) 1

The relationship between mean stress and the number of cycles
to failure (Nf) can be approximated by Eq. (2) as described by
Basquin [28]:

o=AQN,) 2

where A and b are material empirical constants. Substituting Eq.
(2) into (1) leads to:

b
Nj"norch
K,=|—— 3)
f N
flo

where Npnoten and Npo are the number of cycles to failure for the
notched and un-notched specimens respectively.

According to literature, the values of b for AA2024, AA7010
(approximated from data for AA7075) and Ti-6Al-4V are -0.126,
-0.124, and -0.104 respectively [24]. In the current analysis, the
deburred holes were considered as the reference un-notched
specimens (fatigue life of Njo) and hence have a Krvalue of 1. The
fatigue notch factors for the as-drilled specimens (fatigue life of
Nfnoten) can therefore be determined using Eq. (3) with respect to
corresponding deburred specimens drilled at equivalent feed
rate. The Krvalues for each of the tests are detailed in Table 3.

For specimens containing multiple notches, the total stress
concentration factor can be approximated as the product of the
individual stress concentration factors for each notch [29].
Similarly, the overall fatigue notch factor of a drilled specimen
can be estimated based on the product of the individual fatigue
notch factors attributed to the entrance (Kjjentrance) and exit (Kfpexit)
burrs respectively. The value of Kr is generally found to be

proportional to K;, which is commonly an exponential function of
the characteristic notch dimension. By selecting burr height as
the characteristic notch dimension, the overall fatigue notch
factor (Kpburr height) for a drilled specimen can therefore be
reasonably assumed to be proportional to the sum of the entry
(BHentrance) and exit (BHexit) burr heights. This relationship can be
expressed in the form shown in Eq. (4), where A is the
proportionality constant.

— A ¢ BHenrancet BHoit)
Kf‘burr height — Ae ! ' 4

Table 3
Fatigue notch factor values for all tests.

Test  AA7010 Ti-6A1-4V AA2024
1 1 1 1

2 1.146 1.081 1.141
3 1.038 1.062 1.013
4 1.229 1.041 1.066
5 1.211 1.029 1.016
6 1 1 1

7 1.214 1.027 0.997
8 1 1 1

9 1 1 1

10 1 1 1

11 1 1 1

12 1.151 1.042 1.028

Fig. 10 shows regression plots for Kr values against the sum of
entrance and exit burr height for each of the workpiece materials
tested. The K for the AA7010 and Ti-6Al-4V workpieces showed
reasonable correlation to the sum of entrance and exit burr
heights with corresponding coefficients of determination (R?) of
0.68 and 0.79 respectively. Conversely, the correlation for
AA2024 was considerably weaker with a RZ value of 0.54.
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Fig. 10. Regression plots for fatigue notch factor against the sum of
entrance and exit burr height.

Further analysis was performed by using burr volume instead
of height as the characteristic notch dimension. The burrs were
assumed to have a triangular cross section based on their
respective height (BH) and width (BW), which is consistent
around the hole diameter (d). Hence, the burr volume (BV) was
approximated according to Eq (5).

(5)

BVZM(BWBH]

2

Fig. 11 detail the regression plots for Kr versus the sum of the
entrance and exit burr volume for each of the 3 workpiece
materials. The correlation of Kr against the sum of burr volume
was poorer compared to burr height, with R2 values of 0.65, 0.43
and 0.72 for AA7010, AA2024 and Ti-6Al-4V respectively.



m AA7010 A AA2024 ® Ti-6Al-4V
125 Expon. (AA7010) ---Expon. (AA2024) ---Expon. (Ti-6Al-4V)
N I
X
§ 1.20 I
8
'E 1.15
2 Kf_Ti-6Al-4V = 1.0049e04932
2110 R? = 04382 2 =0.7205
] °
> D R A
Raar D P N -7 [
N i . o eemn .-
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Sum of entrance and exit burr volume (mm3)

Fig. 11. Regression plots for fatigue notch factor against the sum of
entrance and exit burr volume.

Results of the regression analysis highlighted that Kr generally
increased with burr size, however the influence of hole diameter
was not considered in the present investigation. It has been
previously reported that the stress concentration induced by
burrs and its effect on fatigue life diminished for specimens with
larger diameter holes [9]. This suggests that the accuracy of
fatigue notch factor estimation due to burr formation could
potentially be improved by normalising the characteristic notch
dimension (in this case the sum of burr heights) with respect to
corresponding hole diameter (d), as proposed in Eqg. (6);

BHemmn(’e + BH

d (6)

¢ exit

Kf‘normalised =cqe

where c1 and cz are constants depending on the workpiece
material.

Determination of the empirical constants would require
significant additional experimental work involving different
workpiece specimens having a range of hole diameters with
drilling operations at varying feed rates.

4. Conclusions

Burr formation was found to have a significant effect on the
fatigue performance of drilled AA7010 and Ti-6Al-4V specimens,
with deburring increasing the mean number of cycles to failure
by up to 283% and 69% respectively. In contrast, the influence of
burrs on failure appeared to be less dominant in the AA2024
samples, due possibly to the greater damage tolerance of the
under-aged alloy. Fractography analysis of the AA2024 specimens
revealed that fatigue cracks largely initiated on the drilled
surfaces away from the entrance or exit of the holes. This was
consistent with associated ANOVA results showing that hole
condition was not a significant factor with regard to fatigue life.
Conversely, the fatigue cracks in both the AA7010 and Ti-6Al-4V
specimens principally originated in the vicinity of hole exit burrs.
Reasonably good correlations were observed between Krand the
sum of entrance and exit burr heights for AA7010 and Ti-6Al-4V
with Rz of 0.68 to 0.79 respectively. In contrast, the
corresponding correlation for AA2024 was relatively weak with
RZ of 0.54.
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