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Abstract: To explore the potential beneficial effect beyond shot peening (SP)’s conventional 
performance, ex-situ warm shot peening (WSP) of Ti-6Al-4V coupons have been carried out. 
The coupons were pre-heated to 200 and 400 oC, before they were immediately transferred into 
a SP booth for shot-peening. While high cycle fatigue (HCF) tests did not detect a favorable 
improvement in fatigue life at high (0.9F0.2) and medium loadings (0.7F0.2), a significant increase 
in cycle-to-failure (Nf) in low loading (0.5F0.2) was observed when the ex-situ WSP temperature 
was raised to 200 and further to 400 oC. Center hole drilling and electron backscatter diffraction 
(EBSD) were employed to unveil the mechanism for such fatigue improvement. 
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1 Introduction 

Shot peening (SP) is a matured surface enhancement technique to extend the service 
lives of cyclically loaded metallic components, such as springs, suspension coils, etc 
[1]. Through causing permanent plastic deformation at the surface layers, SP introduces 
compressive residual stress (CRS) at the top surface, which prevents surface micro-
cracks from nucleation and propagation into the bulk of the components, therefore in-
creasing the fatigue life of the components [2].  

The beneficial CRS usually lays within a depth between 150 and 250 µm for most 
materials by using their respective optimized SP parameters. Recently, stress and heat 
have been coupled with SP in order to extend the beneficial effect of SP, with the aim 
of achieving a higher CRS value or a deeper layer with CRS. Some examples of surface 
modification include stress shot peening (SSP) [3], warm shot peening (WSP) [4], dou-
ble shot peening (DSP), warm stress shot peening (WSSP), warm stress double shot 
peening (WSDSP) [5, 6]. Among these modifications, WSP has an advantage of being 
applicable to components with irregular or asymmetrical geometries.  

Inspired by the beneficial effect of WSP observed on SUP9 (Mn-Cr) spring steel[4] 
, this work attempted ex-situ WSP on Ti-6Al-4V or Ti64 alloy, which is an important 
metal alloy widely used in automotive [7] , aerospace [8] and medical [9] industries due 
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to its high strength-to-weight ratio and excellent corrosion resistance. Ti64 coupons 
were heated up on a hotplate to 200 and 400 oC, before they were immediately trans-
ferred inside SP booth to carry out the traditional SP. The resultant fatigue life perfor-
mance has been correlated with development in CRS distribution and microstructure in 
order to understand the mechanism behind the fatigue enhancement after ex-situ WSP 
at 400 oC. 

2 Methods 

Two geometries of commercial grade / Ti-6Al-4V (Ti64) coupons have been used 
in the current work (inset in Fig. 1(a)). The rectangular coupon had dimension of 50 × 
30 × 10 mm3, while the flat dog-bone had a dimension of 124.3 × 19.0 × 2.5 mm3. The 
Ti64 coupons were heated on a Matcor MS7-H550-Pro precision hotplate. Their tem-
peratures were measured using a thermal couple from the coupons’ top surface. After 
the temperature was stabilized for 5 mins, the coupon was immediately transferred onto 
a turning table inside the SP booth manufactured by Clemco Industries Corp. It took 3 
mins from transferring sample to starting of SP. High hardness cast steel shots with 
average diameter of 0.34 mm were peened at a pressure of 35 psi from a duckbill nozzle 
4 vertically above the Ti64 coupon surface. The nozzle was swiped 7 strokes across 
the coupon surface at a speed of 60 inch/min in order to reach a target intensity between 
6 and 9 A and a coverage of 125 %. There was no vibropolishing after the ex-situ WSP. 

The dog-bone coupons were used for high cycle fatigue (HCF) test on a MTS HCF 
Bionix 370 servohydraulic test system at three loads, equivalent to 0.9, 0.7 and 0.5 
times of 0.2 at a frequency of 25 Hz and a load ratio (R) of 0.1 at room temperature. 
The rectangular coupons were used for the other analysis including average surface 
roughness (Ra) measurement via KLA Tencor P-10 surface profilometer and residual 
stress depth profile via center hole drilling (CHD) method. JEOL 7600F field emission 
scanning electron microscope (FE-SEM) equipped with X-Max 50 energy dispersive 
spectroscopy (EDS) detector and Oxford Instrument NordlysNano electron backscat-
tering diffraction (EBSD) detector was used for microstructural characterization [10]. 

3 Results and Discussion 

 The HCF test shows that the cycle-to-failure (Nf) has significantly improved at all 
three loadings (Fig. 1(b)) after shot peening at room temperature without pre-heating 
of coupons (red circles). After heating the coupons up to 200 and 400 oC followed by 
SP, Nf at high and medium loads (0.9F0.2 & 0.7F0.2) did not change significantly. How-
ever, the Nf at the low load of 0.5F0.2 increased clearly when the temperature was raised 
to 200 oC, and was further improved at 400 oC. This clearly differs from  results in in-
situ WSP study of Ti64, when SP and coupon heating were carried out concurrently 
[11]. The optimum in-situ WSP temperature was determined to be 100oC which led to 
a maximum Nf at 0.5F0.2 loading above 106 cycles.  
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Fig. 1. (a) Temperature profiles of coupon surface after the coupons were removed from hotplate. 
The inset shows the photos of the rectangular and dog-bone coupons. (b) Stress-life (SN) curves 
from high cycle fatigue test and (c) coupon’s surface roughness before and after shot peening at 
32, 200 and 400 oC, with inset in (c) showing the surface composition (in wt%) by EDS. 

To understand the mechanism behind fatigue life enhancement after ex-situ WSP at 
400 oC, a detailed analysis of the coupons was carried out. Surface roughness and O 
wt% of the coupons increased with ex-situ WSP temperature from 32 to 400 oC (Fig. 
1(c)). The maximum compressive residual stress (CRS) was slightly smaller (-795.7 
MPa) after ex-situ WSP at 200 and 400 oC as compared to that SP at 32 oC (-877.6 
MPa). The layers with presence of CRS were of similar thickness (208 µm) for ex-situ 
WSP coupons and were much larger compared to that of as-received coupon (100 µm) 
(Fig 2(a)). Kernel average misorientation (KAM) maps of the cross-section Ti64 sur-
face before and after ex-situ WSP up to 200oC showed only a very thin layer about 17 
µm with greater misorientation (green layer) (Fig. 2(b)). However, after WSP at 400 
oC, the green layer was much thicker at 32 µm. There was also appearance of unindexed 
(black) regions near the top edge, which were attributed to severe grain refinement [10, 
11], which effectively delay the surface crack from nucleation and propagation inwards. 

 
 

Fig. 2. (a) Residual stress depth profile by center hole drilling from Ti64 before and after shot 
peening at 32, 200 and 400 oC. Kernel average misorientation (KAM) maps from the cross-sec-
tion Ti64 surface (b) before and (c) after ex-situ WSP at 400 oC.  

Fig. 1(a) shows that the Ti64 surface temperature dropped quickly after Ti64 cou-
pons were taken away from the hotplate. The higher the heating temperature, the slower 
the cooling process and the higher temperature at the surface when the SP started. By 
heating up to 400 oC initially, the surface temperature cooled down to as high as 100 
oC when the shot peening started at room temperature. From our earlier in-situ WSP 
study [11], SP at 100 oC brings the most beneficial effect. Hence, a good ex-situ WSP 
temperature was 400 oC to avoid excessive oxidation with improved grain refinement. 
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4 Conclusion 

Ex-situ WSP of Ti64 coupons were carried out at 200 and 400 oC. An increase in ex-
siu WSP temperature led to a higher surface roughness and higher surface oxidation. 
Meanwhile, higher initial heating temperature at 400 oC resulted in a higher surface 
temperature during shot peening, which induced much severe grain refinement at the 
surface observed under EBSD. Such enhanced grain refinement increased the fatigue 
life after ex-situ WSP at 400 oC, especially at lower load of 0.5F0.2. 
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