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The fatigue and fracture behaviour of two titanium alloys, the near-alpha IMI-685 and 
alpha-beta IMI-318, were studied in the machined and polished (MP) as well as the 
machined, polished and shot (glass-bead) peened (MPS) conditions. Glass-bead peening 
reduced the room-temperature as well as the high-temperature (450 ~ fatigue life of alloy 
IMI-685 at high stress amplitudes, ~a, approaching the proof stress, ~ps, of the material (LCF 
region). When the applied stress amplitude (0-770 MPa, HCF region) was comparable tothe 
peen-induced peak longitudinal residual stress, (~LP, i.e. ((YLP/~a) =0.92, an improvement in 
the room-temperature fatigue life of IMI-685 was observed. When the ((~Lp/O'a) ratio was less 
than this value, decreases in the fatigue life were seen. The room-temperature fatigue 
behaviour of IMI-318 at high stress amplitudes was similar to that of IMI-685. The decrease in 
the fatigue life of this alloy, at a stress amplitude (770 MPa) where improvement was 
observed for IMI-685, could be attributed to the higher relaxation of peen-induced residual 
stresses in IMI-318 compared with IMI-685. Glass-bead peening improved the high- 
temperature (450 ~ fatigue life of IMI-685 at a low stress amplitude (465 MPa; 
(O'a/E~ps) =0.87). The crack-initiation sites in the MP and the MPS conditions were at the 
surface for both the alloys. However, fracture in the surface layers of the alloys appeared 
more brittle in the peened (MPS) rather than in the unpeened (MP) condition. 

1. Introduction 
Titanium alloys, near-alpha IMI-685 (Ti-6A1-5Zr- 
0.5Mo-0.25Si, wt%) and the alpha-beta IMI-318 
(Ti-6AI~V) find applications in gas turbine engines. 
The microstructure of IMI-685 consists of acicular 

(hcp) in basket-weave form, separated by thin layers 
of [3 (bcc). IMI-318, on the other hand, comprises 
equiaxed ct grains with the 13 phase located at a grain 
boundaries [1]. 

The present work was concerned with the effect of 
shot peening with glass beads on the fatigue and 
fracture behaviour of these two alloys. 

until fracture to constant stress amplitude axial 
fatigue. 

The stress ratio, R = (~min/C~max), was maintained at 
zero, where ~min and C~m,x are, respectively, the min- 
imum and maximum stress applied in the fatigue tests. 
Several stress ranges were used but the frequency was 
always 2.0 Hz. The test temperatures were room tem- 
perature (25 ~ 200 and 450 ~ The number of cycles 
of failure was recorded in each case. The fracture 
surfaces were subjected to qualitative scanning elec- 
tron microscopy. 

2. Experimental procedure 
The alloys were supplied by M/S Firth Derihon Lim- 
ited, UK, in the form of test segments of forgings of 
compressor discs. Flat and round fatigue test speci- 
mens (Fig. la, b) were fabricated according to ASTM 
specification E 466-76 [2]. The surfaces were polished 
down to 500 grade using SiC emery paper. They were 
then shot peened at a pressure of 480 kPa using glass 
beads (0.1~).2mm diameter) suspended in water 
(peening intensity 35 N). 

The specimens were mechanically gripped on 
an MTS serve-hydraulic machine and subjected 

3. Results 
3.1. Residually stressed layers 
Fig. 2, corresponding to the minimum cross-section in 
the shot-peened hour-glass-shaped flat and round 
specimens of IMI-685, shows areas under compressive 
residual stresses. In the case of the longitudinal resid- 
ual stress, c~L, the depth of this compressed layer was 
about 0.7 mm [1]. If the remaining area is assumed 
to be under tension, the ratio A t / A  c works out to 
1.6 and 1.4 for the flat and round specimens, where 
A t is the area under tension and Ac is the area under 
compression. 
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Figure 1 (a) Flat, and (b) round specimens used for constant  stress 
amplitude axial fatigue testing. 
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Figure 2 Areas under residual compressive and tensile stresses in 
flat and round specimens of IMI-685. 

3.2. Fatigue tests 
3.2. 1. Room-temperature behaviour 
Flat specimens of IM1-685 in the machined, polished 
and shot-peened (MPS) condition tested at a stress 
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amplitude of 770 MPa (c&/~ps = 0.755; cy a = applied 
stress amplitude, ~ s  = proof stress of the material) 
showed an increase in fatigue life of about 11% over 
specimens in the machined and polished (MP) condi- 
tion (Table I). For round specimens, the increase was 
about 13% (Table II). Table II also reveals that at 
higher stress amplitudes, the fatigue life of the peened 
specimens decreased in comparison with that of the 
unpeened specimens. The percentage decrease, 
however, became less as the applied stress amplitude 
approached the proof stress of the material. 

T A B L E  I Constant  stress amplitude axial fatigue tests at room 
temperature on flat samples ofIMI-685, c~,/c% = 0.755, ~es at room 
temperature = 1020 M P a  

Material Stress range Number  of cycles Change 
condition (MPa) at failure, Nf (%) 

M P  0-770 19500 
0-770 19 800 

MPS 0-770 21600 
0-770 22000 

+ 1 1  

T A B L E  II  Constant  stress amplitude axial fatigue tests at room 
temperature on round specimens of IMI-685 

Material Stress c&/C~ps Number  of Change 
condition range cycles at (%) 

(MPa) failure, Nf 

MP 0-770 0.755 100200 
M P  0-770 0.755 97 458 

MPS 0-770 0.755 112000 
+ 13 

MPS 0-770 0.755 110 578 

M P  0-890 0.872 50 975 
M P  0-890 0.872 53 450 

MPS 0-890 0.872 27 948 - 46 

M P  0-955 0.936 11 108 
M P  0-955 0.936 10850 

MPS 0-955 0.936 8 467 
- -  25 

MPS 0-955 0.936 8 100 
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Figure 3 c~, versus 2Ne relationship for the .MP and MPS condi- 
tions, in specimen IMI-685 at room temperature. 



A log-log plot of the stress amplitude, (~a, against 
the number of reversals to failure, 2Nf, was a straight 
line for IMI-685 in both the MP and MPS conditions 
(Fig. 3). This verified the modified Basquin equation 

O" a = (y) (2Nf)  b ( 1 )  

where ~r~ is the fatigue strength coefficient and b is the 
fatigue strength exponent [2]. 

Table III shows the room-temperature fatigue data 
for IMI-318. Over the entire range of stress amplitudes 
employed, a reduction in the fatigue life to the tune of 
about 52%-55% was observed for the MPS condition 
in comparison with the MP condition. In this alloy 
also the modified Basquin equation was obeyed for 
both the MP and the MPS conditions (Fig. 4). 

The values of the parameters or}, b and the cal- 
culated cyclic hardening exponent, n', for the two 
alloys derived from Figs 3 and 4, are presented in 
Table IV. 

3.2.2. Elevated temperature fatigue behaviour 
Only IMI-685 was used in the study. Behaviour at 
200~ was somewhat similar to what was seen at 
room temperature (Table V). However, at 450 ~ for 
a o,/Crps ratio of 0.938, the fatigue life decreased by 
about 39% for the MPS condition compared with the 
MP condition. An increase in fatigue life of about 45 % 
was registered for the MPS condition over the MP 
condition when the oJOps ratio was reduced to 0.870 
(Table VI). 

T A B L E  I I I  Constant  stress amplitude axial fatigue tests at room 
temperature on round specimens of IMI-318. Cyps at room temper- 
ature = 930 M P a  

Material Stress oa/Cyps Number  of Change 
condition range cycles at (%) 

(MPa) failure, Nf 

M P  0-770 0.828 280000 
MP 0-770 0.828 265 000 

MPS 0-770 0.828 120600 
- 55 

MPS  0-770 0.828 124000 

M P  0 833 0.896 58731 

MPS 0-833 0.896 28 500 - 52 

M P  0-890 0.957 29 810 
M P  0-890 0.957 31 500 

MPS 0-890 0.957 14 226 
- 54 

MPS 0-890 0.957 13 740 
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Figure  4 oa versus 2Nf relationship for the M P  and the MPS 
conditions, in specimen IMI-318 at room temperature. 

T A B  L E V Constant  stress amplitude axial fatigue tests on round 
samples of IMI-685 at a test temperature of 200 4- 5 ~ Crps at 
200 ~ = 820 M P a  

Material Stress o/C~ps Number  of Change 
condition range cycles at (%) 

(MPa) failure, Nf 

M P  0-710 0.866 24367 

MPS 20 097 
0-710 0.866 - 17 

MPS 21005 

M P  8105 
0 770 0.939 

M P  8 400 

MPS 7 500 
0-770 0.939 - 6 

MPS 7 800 

3 . 3 .  Fracture behaviour 
Fig. 5 pertains to a fiat IMI-685 sample in the MP 
condition (peak roughness, Rz = 0.99 gm). Fracture 
appeared to start from a corner at the surface 
(arrowed in Fig. 5a) and propagated inwards. At high- 
er magnification, the corner region was seen to consist 
of dimpled areas (arising from microvoid formation) 
and striations (shown bounded by arrows in Fig. 5b). 
Fig. 5c displays a corner crack at some distance from 

T A B L E  IV Values of the room-temperature fatigue strength coefficient, fatigue strength exponent and calculated cyclic strain-hardening 
exponent for IMI-685 and IMI-318 

Material Material Fatigue strength Calculated cyclic Fatigue strength 
condition coefficient, or} (MPa) hardening exponent, exponent, b 

n '[b  = - -  n'/(1 + 5n')] 

IMI-685 M P  1600 0.108 - 0.070 
MPS 2000 0.139 -- 0.082 

IMI-318 M P  2000 0.101 -- 0.067 
MPS 2000 0.117 -- 0.074 
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T A B L E  VI Constant stress amplitude axial fatigue tests on round 
samples of IMI-685 at a test temperature of 450 _+ 5 ~ ~Ps at 
450 ~ = 650 MPa 

Material Stress cy~/Cyps Number of Change 
condition range cycles at (%) 

(MPa) failure, Nf 

MP 0-565 0.870 170436 
M P  0.870 180 450 

MPS ~565  0.870 260400 
MPS 0.870 245 600 

MP 0-610 0.938 15 780 
M P  0.938 16250 

MPS 0 610 0.938 9 306 
MPS 0.938 10 104 

+ 45 

- 3 9  

In IMI-318 alloy in the MP condition 
(Rz = 0.76 gin) also, fatigue cracks originated at the 
surface (Fig. 7a), but the fracture appeared more duc- 
tile than in IMI-685 alloy in the MP condition (cf. 

the fracture surface. Dimpled as well as featureless 
regions are seen in Fig. 5d which pertains to a round 
sample of IMI-685 in the MP condition. Thus, in this 
alloy, even in the MP condition, ductile as well as 
brittle fracture features could be seen. 

Flat samples of IMI-685 in the MPS condition 
(Rz = 7.88gm) displayed dimples of larger size 
(Fig. 6a) compared with the MP condition. Fatigue 
failure originated at the surface and/or at the 
notches/dents caused by shot peening (Fig. 6b, c). The 
constraining effects of the notches/dents on plastic 
deformation is also seen in Fig. 6c, which shows flat 
areas with steps in the vicinity of a crack - often 
interpreted as evidence for the inward propagation of 
cracks by cleavage. 

Figure 6 SEM fractographs of a flat sample of IMI-685 in the MPS 
condition (room temperature, stress range 0-770 MPa, 21 600 cycles 
to failure). (a) Large dimples, (b) surface origin of fatigue crack, (c) 
crack and step formation at a dent caused by peening. 

Figure 5 SEM fractographs of a fiat sampIe of IMI-685 in the M P  condition (room temperature, stress range of 0-770 MPa, 19 600 cycles to 
failure). (a) Crack origin at a corner, (b) dimpled areas and striations, (c) a macrograph showing a corner crack, (d) a round specimen in the 
MP condition revealing dimpled and featureless regions. 
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Figure 6 (continued.) 

Figure 7 SEM fractographs of a round sample of IMI-318 in the 
MP condition (room temperature). (a) Surface origin of a fatigue 
crack (arrowed), and (b) fully dimpled region of fracture. 

Figs 7b and 5d). In the MPS condition (Rz = 5.66 gm) 
the notches/dents produced by the peening gave rise 
to a cleavage type of fracture in the vicinity of the 
crack origin (Fig. 8a). The fracture surface was largely 
made up of cleavage facets (Fig. 8b). 

4 .  D i s c u s s i o n  : 
4.1. Fatigue behaviour 
A comparison of Tables II, V and VI pertaining to the 
round specimens of IMI-685 revealed the following 
points. 

(i) At a fixed c~a/Cyps ratio, the fatigue lives at 200 °C 
had decreased for both the MP and the MPS condi- 
tions when compared with the results corresponding 
to room temperature - a normal temperature effect on 
fatigue life. 

(ii) At 450°C, the fatigue lives at a fixed (cy,/ 
eyes) ratio for both the MP and the MPS condi- 
tions were greater than at either room temperature 
or at 200 °C. This anomalous behaviour is traceable 
to dynamic strain ageing (DSA) present in this mater- 
ial at this temperature [3]. It is known that DSA 
enhances the fatigue life [4,5]. The present re- 
sults reveal that the effect of DSA in increasing the 
fatigue life becomes more pronounced at lower cya/Cyps 
ratios. 

Both IMI-685 and IMI-318 were found to obey the 
modified Basquin equation in the MP as well as the 
MPS conditions (Figs 3 and 4). The values of ~}, b and 
n' for IMI-685 in the MP condition presently obtained 
(Table IV) agreed well with those of an earlier study 
[6]. ~ nearly equals the fracture stress of a material 
[2]. A higher value for the same (2000 MPa) in IMI- 
685 in the MPS condition compared with the MP 
condition (1600 MPa) indicates that shot peening in- 
creased the extent of work hardening before fracture. 
On the other hand, the identical values of 
~} (2000 MPa) found for IMI-318 in both the MP and 
the MPS conditions is traced to the extensive relax- 
ation of the residual stresses in IMI-318 on cyclic 
loading [3] which had practically nullified the effect of 
shot peening. 

In IMI-685, at room-temperature, glass-bead peening 
introduced at the surface a maximum compressive 
residual stress, (YLP, of - 700 MPa [-1]. Compressive 
residual stresses enhance the resistance to both crack 
initiation and propagation. However, results pres- 
ented in Tables I and II reveal that the fatigue life in 
the MPS condition was superior to that in the MP 
condition only when the ratio C~Le/CY, was greater than 
or equal to about 0.92. This finding is in conformity 
with earlier results [7, 8]. The low-level increase in the 
fatigue life (11%-13 %) for the MPS condition, on the 
other hand, could be due to the size effect [7] as the 

Figure 8 SEM fractographs of a round sample of IMI-318 in the MPS condition (room temperature). (a) Surface origin of a fatigue crack 
(arrowed), (b) a cleavage type of fracture near the crack origin. 
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specimens were taken from industrial'scale high-pres- 
sure compressor discs of gas turbines. 

Residual stresses present in materials can signifi- 
cantly relax under high cyclic stresses [3,9-14]. In 
IMI-685 in the stress range of 0-770 MPa, stress 
relaxation at the surface (where fatigue fracture 
originated) was marginal [3]. Therefore, in this 
range the fatigue life increased following shot peening. 
However, at high stress ranges stress relaxation was 
considerable. In these ranges, the increased surface 
roughness resulting from shot peening promoted early 
initiation of fatigue cracks [15-17] and there was 
a decrease in the fatigue life following shot peening. 

Materials like IMI-685 display good crack propa- 
gation resistance but poor crack initiation resistance 
[18-21]. 

In the low-cycle fatigue (LCF) range, when the cyc- 
lic stress amplitude is close to the proof stress of the 
material, the total life is almost entirely governed by 
crack propagation. At lower cyclic stress amplitudes, 
the fatigue life partitions between crack initiation and 
propagation. Moreover, the notch effects due to glass- 
bead peening adversely affect crack initiation without 
having much effect on crack propagation. However, in 
this range at higher stress amplitudes, the blunting of 
the root of the notch left by peening is likely to be 
greater than at lower stress amplitudes [22]. Taken 
together, these features could lead in the LCF range to 
a higher percentage reduction in the fatigue life as 
a result of glass-bead peening at lower cyclic stress 
amplitudes than at higher cyclic stress amplitudes. 
This line of argument is verified by the present results. 

In the high-cycle fatigue (HCF) range, the notch 
effect due to glass-bead peening was not severe, as the 
surface compressive residual stresses resulting from 
peening were practically unrelaxed. Thus, crack initia- 
tion was not advanced and the compressive residual 
stresses delayed crack propagation and this resulted in 
an increase in the fatigue life. An improvement in life 
by 11%-13 % at a peening intensity of 35 N observed 
here is in accordance with the argument presented 
earlier for medium intensity (33 N) peening [23]. 

For titanium alloys, a rule of thumb has been evol- 
ved that At/Ao should be greater than or equal to 20 
[24]. Then, up to 5% of the specimen cross-section 
can be under compression to provide increased crack 
initiation and/or propagation resistance, while the 
remaining 95% of the cross-section can distribute the 
tensile load and minimize the formation of internal 
defects and stress raisers. 

From Fig. 2 it is clear that in the present experi- 
ments the At/A c ratio was only 1.6 and 1.4, respec- 
tively, for the flat and round specimens. Thus, the 
elimination of stress raisers during fatigue deforma- 
tion could not have been effective, and as the sub- 
surface tensile residual stresses relaxed more readily 
than surface compressive residual stresses El, 3], the 
fatigue crack originated at the specimen surface in all 
cases. 

From Tables I and II, the effect of specimen 
geometry on the fatigue life of IMI-685 can be inferred 
and this is in accordance with earlier results [25]. As 
the flat specimens approximately represent the shape 
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of the compressor blades of gas turbine engines, they 
indicate at least roughly the likely changes in the 
fatigue life of the blades following glass-bead peening. 

Thermal relaxation of residual stresses in titanium 
starts only at around 280 ~ [26]. Therefore, the lower 
percentage reduction in fatigue life at 200 ~ following 
glass-bead peening compared with that seen at room 
temperature (a 6% reduction against a 25% reduction 
at cy a = 770 MPa, cya/C~ps = 0.94) is traced to the 
reduced effect of the notches produced by peening at 
the higher temperature. Significant thermal relaxation 
of the residual stresses, on the other hand, led to 
a decrease in the fatigue life by 39% at 450~ for 
a cy,/Cyps ratio of 0.94. At a ~a/c~p s ratio of 0.87, how- 
ever, the beneficial effects of an increased dislocation 
density caused by peening [27, 28] and dynamic strain 
ageing, overcame the detrimental effect of the thermal 
relaxation of the residual stresses and led to an en- 
hanced fatigue life (Table VI). 

The drastic reduction (by 52%-55%) in the l0 s 
cycle fatigue life of IMI-318 (stress range 0- 770 MPa) 
is a natural consequence of the extensive relaxation of 
the residual stresses [3, 29, 30] and the detrimental 
effects of the surface damage caused by peening. 

A comparison of the room-temperature fatigue be- 
haviour of IMI-685 (Table II) with that of IMI-318 
revealed the following points. In the LCF range 
( < 105 cycles), when the (~Lp/C&) ~ 0.92, IMI-318 had 
a shorter fatigue life than IMI-685. But when (cyLp/c&) 
ratio was greater than 0.92, the fatigue lives at different 
stress amplitudes of IMI-318 were far greater than 
those of IMI-685 for both the peened and unpeened 
conditions. 

Acicular microstructures, e.g. as seen in IMI-685 [3] 
confer superior crack propagation resistance com- 
pared to equiaxed microstructures as present in IMI- 
318 [18-21]. Thus, it would appear that crack propa- 
gation rather than crack initiation controls the LCF 
life of IMI-318. The lower yield stress of IMI-318 in 
comparison with that of IMI-685 (930 MPa versus 
1020 MPa) could have also been partly responsible for 
the inferior LCF life of IMI-318. (A lower yield stress 
reduces the crack initiation resistance in the LCF 
range, where the applied stress is of the order of the 
proof stress.) 

In the HCF range, however, an equiaxed micro- 
structure confers superior crack initiation resistance 
and so the fatigue life of IMI-318 is greater than that 
of IMI-685. 

The lower n' (Table IV) and the greater ductility of 
IMI-318 at room temperature compared with IMI- 
685 [25, 31] might have caused higher cyclic strains at 
a specified stress amplitude in the former alloy than in 
the latter. Then, for a fixed stress ratio, a higher 
percentage reduction in the fatigue life of a peened 
specimen compared with that of an unpeened sample, 
may be expected in the case of IMI-318 than in IMI- 
685 and this is what has been observed. 

4.2. Fracture behaviour 
The flat areas with steps in the region of a crack seen 
in IMI-685 in the MPS condition (Fig. 6c) is perhaps 



due to the tendency of cracks to propagate through 
a given a packet in a straight line parallel to the 
(plastic deformation) slip bands [32]. Crack propaga- 
tion is by transgranular cleavage through the ~ and 
[3 phases. The steps then can be associated with the 
boundaries between the adjacent phases. The lower 
peak roughness of IMI-318 in the MPS condition 
(Rz = 5.66 gm) compared with IMI-685 in the MPS 
condition (Rz = 7.88 gin) could have been one of the 
factors that gave rise to a higher HCF life in the 
former alloy than in the latter. 

5. Conclusions 
Based on an experimental investigation of the fatigue 
and fracture behaviour of the two titanium alloys 
IMI-685 and IMI-318 the following conclusions could 
be drawn. 

1. In both the alloys in the MP as well as the MPS 
conditions, the modified Basquin equation was 
obeyed. 

2. The alloys in the MPS condition showed reduc- 
tions in fatigue life at high stress amplitudes. This was 
because at these stress amplitudes extensive relaxation 
of the shot-peen-induced residual stresses was present 
and the surface damage caused by peening lowered the 
crack initiation resistance. Moreover, in this range, the 
crack propagation resistance remained unchanged 
from that of the MP condition. 

3. The percentage reduction in the fatigue life of 
IMI-685 in the MPS condition decreased when the 
cyclic stress amplitude approached the proof stress of 
the material. This was attributed to the reduced effect 
of shot-peen-induced notches with increasing stress 
amplitude. 

4. In IMI-685 in the MPS condition, the fatigue life 
increased when the (~i~P/~a) ratio was greater than or 
equal to 0.92. 

5. The decrease in the fatigue life of IMI-318 in the 
MPS condition at all stress amplitudes was traced to 
the significant relaxation of the peen-induced residual 
stresses during the fatigue deformation. 

6. The reduction in the fatigue life of IMI-685 in the 
MPS condition at 450 ~ and high stress amplitudes is 
attributed to the significant thermal relaxation of the 
residual stresses and the surface damage caused by 
peening. 

7. The improvement in the fatigue life of IMI-685 in 
the MPS condition at 450 ~ and relatively low cyclic 
stress amplitudes, on the other hand, is traced to the 
less significant relaxation of the residual stresses and 
the beneficial effects of a higher dislocation density in 
the shot-peened layers and dynamic strain ageing. 

8. In both the alloys in the MPS as well as MP 
conditions, fracture originated at the specimen 
surface. 

9. In IMI-685 in the MPS condition, the dimple 
size on the fracture surface was larger whenever the 
fatigue life was greater for this condition, than for the 
MP condition. 

10. Fracture in the surface layers of both the alloys 
had a more brittle appearance for the MPS condition 
than for the MP condition. 
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