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The residual stress distribution in two commercial titanium alloys, the near-alpha IMI-685 and 
the alpha-beta IMI-318, have been determined using the method of drilling holes for the 
machined and polished as well as the machined, polished and shot-peened conditions. The 
residual stresses were always compressive and their peak values for both alloys were similar. 
However, the stress distribution patterns were different and this could have implications for 
the fatigue behaviour of the alloys. 

1. In t roduct ion 
The two titanium alloys, near-alpha IMI-685 (com- 
position in wt %: Ti-6A1-5Zr~).5 Mo-0.25 Si) and the 
alpha-beta alloy IMI-318 (Ti-6AI~4V) find appli- 
cations in gas turbine engines. The present work was 
concerned with the residual stress distribution pat- 
terns present in these two alloys in the machined and 
polished, as well as the machined, polished and shot- 
peened conditions. 

The residual stress distribution pattern obtained in 
a material depends on the manner of preparation of its 
surface. The microstructure and mechanical proper- 
ties are also known to affect the magnitude and dis- 
tribution of the residual stresses. Shot peening induces 
residual compressive stresses. The peening variables 
are peening pressure, duration and diameter and type 
of the Shots used. Peefiing intensity is measured in 
terms of the arc height developed on Almen strips 
(made from a spring steel) when they are peened on 
one surface. For  titanium alloys, glass-bead peening is 
more effective than steel-ball peening [-1-6]. 

Residual stress measurement by drilling a hole and 
using a strain gauge rosette is well established (Fig. 1). 
Per cent strain relieved by drilling a hole is often 
re~preSented as a function of the dimensionless para- 
meter Z/Do, where Z is the depth at which the residual 
Stress is measured and D o is the hole diameter. For  
obtaining accurate results, drilling of flat-bottomed 
holes using specially dressed end mills is essential. To 
avoid thermal effects, particularly in titanium-alloys 
that have poor thermal conductivity, drilling in small 
increments at low speeds is often resorted to. When 
the distribution of residual stresses is non-uniform, 
analysis is carried out assuming the distribution to be 
uniform in the depth interval Z to (Z + AZ)  [7-15]. 

2. Exper imenta l  and analyt ical  
procedures 

From the test rings of forgings made of both the alloys 

IMI-685 and IMI-318, specimens of dimensions 
50 mm x 15 mm x 5 mm were machined. The surfaces 
of the specimens were polished down to 500 grade SiC 
emery. Glass beads, 0.1-0.2ram diameter, suspended 
in water at a known concentration, were forced 
through a nozzle at a pressure of 480 kPa on to the 
polished surfaces of the specimens for about 2-3 min. 
Using 0.79 mm thick N-type Almen strips, the inten- 
sity at saturation was determined to be an Almen arc 
height of 0.35 mm (35 N). 

Specimens in the machined and polished as well as 
the machined, polished and short-peened conditions 
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Figure 1 Strain gauge rosette arrangement  for determining the 
residual stresses. 
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were rigidly fixed to a flat metallic base with araldite/ 
dental cement. Strain gauge rosettes (EA-06-125RE- 
120, Micromeasurements) were bonded to the surface 
of specimens using cold-setting M-200 bonds. The 
strain gauges 1, 2 and 3 (Fig. 1) were connected to P- 
3500 strain indicator via a SB-10 switch and balance 
unit. All the strain gauges were initially balanced for 
null reading after adjusting the specified gauge factor 
(2.05_+ 1.00%), the potentiometers of the SB-10 
switch, and the balance unit. 

Using an RS-200 milling guide (Fig. 2), the specimen 
was drilled in small increments of 25 I.tm down to a 
depth of 125 gm. Thereafter, the final depth was reach- 
ed in steps of 125 pm. Following the recommendation 
of the manufacturer, drilling was restricted to a max- 
imum depth of 0.5 Do. The diameter of the hole was 
measured using a microscope that had a graduated 
eye piece. The depth was measured using a height 
gauge and related to the number of divisions of 
drilling marked on the micrometer of the milling 
gauge meant for the control of depth. 

For  each increment in  depth, the readings from all 
three strain gauges were recorded. The strains re- 
lieved, el, e 2, and ~3, were plotted as functions of the 
dimensionless parameter, Z/Do. 

The strain, el(Z), at the depth interval Z to 
(Z + AZ) is evaluated as 

~i (Z )  = (As i /p )  • 100 (1) 

where Aei[ = ei (Z + AZ) - ei (Z)] is the amount of 
strain relieved within a depth interval bounded by Z 
and Z + AZ, as measured by a strain gauge i ( = 1, 2 
or 3); p is the corresponding per cent strain relieved as 
read from a Rendler-Vigness plot (per cent strain 
relieved versus Z/Do for the case where the strain 
distribution is uniform [9]). 

The principal residual stresses, C~p and C~q, at a depth 
Z are calculated from [10] 

M(Z) U(Z) 
crp(Z) - 4 ~  + 4Bcos213 (2) 
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Figure 2 A schematic diagram of the milling guide. 
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and 
M(Z) N(Z) 

Oq(Z) - 4A 4Bcos213 (3) 

where M(Z) = 8 3 ( Z )  + 8 l ( Z ) ,  N(Z) = g 3 ( Z )  - -  ~1 

(Z), A =  - ( 1  +v) /2Er  2, B =  - ( 1  +v /2E)  {[4/ 
(1 + v)r 2] - (3/r4)}, with r = (gauge circle radius/ 
hole radius) = (R/R) ,  v the Poisson's ratio and E the 

, O 
Young s modulus of the material. Tan 213 equals 
[M (Z) - 2e2 (Z)]/N(Z), where [3 is the angle the prin- 
cipal stress, C~p, makes with the axis of strain gauge 3 at 
a depth Z. 

The gauge circle radius of the rosette used here was 
5.13mm (given). The measured hole radius was 
1.625mm. Using appropriate values of the elastic 
constants, A and B were calculated, as follows to be: 

IMI-685 

IMI-318 

4A = - 2 . 1 4 x  10-3(GPa)  -1 

4B = - 5 . 8 1 2 4 8 x 1 0 - a ( G P a ) - i  

4A - 2.5386 x 10- a (GPa)-  1 

4B = - 6.8030x 10-3(GPa)  -1 

For  reasons of symmetry and ease in the analysis of 
subsequent axial fatigue tests, it is convenient to work 
in terms of the residual stresses present along the 
longitudinal, CrL, and transverse, ~T, directions of the 
test specimen. Evidently, 

o L = C~p cos [3 + Crq sin [3 (4) 
and 

crx = Crp sin ~ - O-q cos ~ (5) 

3. Results and discussion 
The microstructure of IM1-685 consisted of acicular 
(h c p) alpha in basket-weave form separated by thin 
layers of (b c c) beta (Fig. 3a). The microstructure of 
IMI-318 (Fig. 3b) was made up of equiaxed alpha with 
the beta phase being present at the alpha-phase 
boundaries. 

3.1. Residual stresses in IM I -685  
3.1.1. Machined and polished condition 
The strains relieved, ~1, a2 antic3, are shown in Fig. 4 
as functions of Z/D o . The relieved strains were all 
positive and they saturated with increasing depth 
below the surface. Fig. 5 is a plot of O-p and Crq (both 
compressive) as functions of depth below the surface. 
The peak value of O'p ( = - -  320 MPa) was present at 
the surface, while that of crq ( = - 320 MPa) was lo- 
cated at a depth of about 40 Ixm. Beyond this depth, 
the decay in both the stresses was nearly uniform. The 
magnitude and direction (indicated by the value of the 
angle 13) of the principal residual stresses varied with 
depth. Fig. 6 shows cy L and t~ T as functions of depth. 
They had their maximum value at the surface and cr T 
was always greater than cy L. The depth of the com- 
pressively stressed layer for this condition was about 
0.45 mm. 



A 
e~ 

-10o 

g-zo0 '~, 

Depth below surfoce (grnJ 
100 200 300 400 

I I [ I 

Figure 6 Variation of the longitudinal and transverse residual 
stresses as functions of depth below the specimen surface. IMI-685, 
machined and polished condition. 

Figure3 Optical micrographs of (a) as-received IMI-685 alloy 
showing acicular alpha (white features) separated by thin layers of 
beta (dark features), and (b) IMI-318 alloy showing equiaxed alpha 
with the beta phase at the alpha boundaries. 
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Figure 4 Variation of the strains relieved as functions of Z/Do. IMI- 
685, machined and polished condition. 

3. 1.2. Machined, polished and 
shot-peened condition 

Fig. 7 presents the strains relieved as functions of 
Z / D  o . Again, the relieved strains were all positive and 
tended to saturate with depth. But their magnitudes 
were significantly greater than those for the machined 
and polished condition. In Fig. 8, ~p and ~q (both 
compressive) are plotted as functions of depth below 
the surface. Their maxima were at the surface (C~p . . . .  
= - 650 MPa; Cyq . . . .  = - 350 MPa) and they de- 

cayed to zero with increasing depth. Cyp was greater 
than Crq down to a depth of 0.15mm, below which 
level the trend was reversed. As before, both the 
magnitude and direction of the principal residual 
stresses varied with depth. Fig. 9 shows the variation 
of the longitudinal and transverse residual stresses 
(both compressive) with depth below the surface. Here, 
~e was greater than cr x practically over the entire 
compressively stressed layer, which was slightly in 
excess of 0.75 mm deep. 

Shot peening had increased both the magnitudes of 
the residual compressive stresses and the depth of the 
stressed layer (cf. Figs 6 and 9). It has been suggested 
[5, 6] that the peak residual stresses present in a shot- 
peened material are about 50%-60% of its yield 
strength. The present peak value, ~L, of -- 710 MPa 
works out roughly as 70% of the 0.2% proof stress of 
IMI-685 ( ( Y y i e l d  = 1020 MPa). 
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Figure 5 Variation of the principal residual stresses as functions of 
depth below the specimen surface. IMI-685, machined and polished 
condition. The figures in parentheses indicate the magnitude of the 
angle 13 (Fig. 1) in degrees. 

3.2. Residual stresses in I M I - 3 1 8  
3.2. 1. Machined and polished condition 
Fig. 10 presents the strains relieved as functions of 
Z/Do .  The curves are similar to those presented earlier. 
In Fig. 11, Crp and ~q (both compressive) are plotted as 
functions of depth below the surface. Their peak val- 
ues (~p . . . .  ~-- - 380 MPa, ~q . . . .  - 200 MPa) 
were found at a depth of about 60 gm. Always, cyp was 
greater than Cyq but its magnitude and direction chan- 
ged with depth. In Fig. 12, ~L and cr T (both com- 
pressive) are shown as functions of depth below the 
surface. Their peak values (~L ---- -- 210 MPa; ~a- = 

- -  380 MPa) were present at a depth of 60 lam and 
35 gm respectively. Always, cy T was greater than OL. 
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Figure 7 Variation of the strains relieved as functions of Z/D o. IMI- 
685, machined, polished and wet-glass peened condition. 
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Figure 8 Variation of the principal residual stresses as functions of 
depth below the specimen surface. IMI-685, machined, polished and 
wet-glass peened condition. The figures in parentheses indicate the 
magnitude of the angle 13 in degrees. 
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Figure 9 Variation of the longitudinal and transverse residual 
stresses as functions of depth below the specimen surface. IMI-685, 
machined, polished and wet-glass peened condition 

The depth of the stressed layer for this cond i t ion  was 
abou t  0.14-0.15 mm. 

3.2.2. Machined, polished and 
shot-peened condition 

Fig. 13 shows the strains relieved (all positive and  
increasing with depth) as funct ions of Z/Do.  Their  
magni tudes  were far greater than  those present  in 
mater ial  in the machined  and polished condit ion,  crp 
and  Crq (both compressive, with a nearly equal  peak 
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Figure 10 Variation of the strains relieved as functions of Z/D o. 
IMI-318, machined and polished condition. 
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Figure 11 Variation of the principal residual stresses as functions of 
depth below the specimen surface. I MI-318, machined and polished 
condition. The figures in parentheses indicate the magnitude of the 
angle 13 in degrees. 
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Figure 12 Variation of the longitudinal and transverse stresses as 
functions of depth below the specimen surface. IMI-318, machined 
and polished condition. 
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Figure 13 Variation of the strains relieved as functions of Z/Do. 
IMI-318, machined, polished and wet-glass peened condition. 

value of - 550 MPa) are plotted in Fig. 14 as func- 
tions of depth below the surface. The depth of the 
compressively stressed layer was about 0.83 mm, be- 
low which, for a small additional depth, small tensile 
components were present. Both the magnitude and 
direction of the principal stresses changed with depth. 
Fig. 15 shows plots of o L and cr T (both compressive, 
with a nearly equal peak value o f -  705 MPa at a 
depth of 25-30 ~tm) as functions of depth below the 
surface. The compressively stressed layer extended to 
a depth of 0.75 mm, below which small tensile com- 
ponents were found down to a total depth of 0.85 mm. 

Shot peening significantly increased the depth of the 
stressed layer as well as the magnitudes of the residual 
compressive stresses (cf. Figs 12 and 15). The peak 
longitudinal residual stress ( = -  705 MPa) was 
about 75% of the 0.2% proof stress of IMI-318 
(Oyield = 930-950 MPa). 

3.3. Residual stress distribution in 
IMI-685 and IMI-318:a comparison 

In the machined and polished condition, the stressed 
layer extended to a greater depth in IMI-685 than in 
IMI-318 (cf. F igs6  and 12). 

It has been reported that when the hardness is less 
than 300 HV, the maximum residual stress is present 
at the surface, but in medium hard and very hard 
materials, it is present in the sub-surface regions. 
However, lower shot diameters and higher shot velo- 
cities can cause the peak residual stress to shift from 
the sub-surface to the surface layers [16-19]. 

IMI-685 and IMI-318 have a hardness of about 
350 HV. The sub-surface residual stress peak observed 
in IMI-318 is in agreement with the finding of Wohl- 
fahrt [19] concerning materials of medium hardness. 
But the surface residual stress peaks seen in IMI-685 
in both the machined and polished as well as the 
machined, polished and shot-peened conditions is 
contrary to the above result. Perhaps the difference 
can be traced to the difference in the work-hardening 
rates of the two materials. H c p metals (limited num- 
ber of slip systems) display a lower strain-hardening 
rate than the cubic metals. Thus, the work-hardening 
rate of the near alpha (h c p) IMI-685 is likely to be 
lower than that of the alpha plus beta (b c c) IMI-318. 
(Rama Rao [20] has experimentally verified this.) 
Then, under a given intensity of shot peening, the 
surface layers of.IMI-685 are expected to deform more 
than those of IMI-318. In such a situation, the peak 
residual stress in the former material is likely to be 
present at the surface, which is indeed the case. 

A residual stress has an effect similar to that of an 
applied stress. As the residual stress distribution in the 
two alloys was different, shot peening may influence 
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Figure 14 Variation of the principal residual stresses as functions of depth below the specimen surface. IMI-318, machined, polished and wet- 
glass peened condition. The figures in parentheses indicate the magnitude of the angle 13 in degrees. 
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Figure 15 Variation of the longitudinal and transverse residual 
stresses as functions of depth below the specimen surface. IMI-318, 
machined, polished and wet-glass peened condition. 

their fatigue behaviour differently. The results ob- 
tained on this aspect will be reported elsewhere. 

4.  C o n c l u s i o n s  
Based on the present study on the two titanium alloys 
IMI-685 and IMI-318, the following conclusions 
could be drawn. 

1. In both the alloys, the residual stresses in the 
machined and polished as well as the machined, poli- 
shed and shot-peened conditions were compressive. 

2. The peak residual stresses present in both the 
materials following shot peening were not very differ- 
ent. 

3. In both the alloys, the principal residual stresses 
varied both in magnitude and direction with depth 
below the surface. 

4. Mostly, the transverse residual stress, ~T, was 
greater than the longitudinal residual stress, gL" 

5. In both materials the peak residual stresses in the 
longitudinal direction were about 70%-75% of the 
respective 0.2% proof stress. 

6. The residual stress peak in IMI-685 was found at 
the surface while in IMI-318 it was present at a 
subsurface layer. The difference was traced to the 
lower strain-hardening rate of IMI-685 compared 
with that of IMI-318. 
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