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1 Abstract 

Increases of residual stress stability and alternating bending strength of shot peened AISI 4140 
are obtained by subsequent annealing treatments. This is caused by static strain aging effects, 
which lead to pinning of dislocations by carbon atoms and finest carbides. It will be shown that 
by well directed annealing of a quenched and tempered AISI 4140 it is possible to maximize the 
positive effects of static strain aging without causing extended thermal residual stress relaxati- 
on. The amount of flow stress increases caused by static strain aging is quantified and correlated 
with the gain in alternating bending strength. 

2 Introduction 

It is known that shot peening at elevated temperatures, so-called warm peening, can significant- 
ly increase fatigue strength and life of quenched and tempered steels [I-21. This is caused by 
dynamic and static strain aging effects [3]. For a quenched and tempered AISI 4140 an optimi- 
zed peening temperature of about 310 "C was found [2,4]. When steel is thermally treated at 
elevated temperatures after being plastically deformed, an increase in yield stress due to static 
strain aging is observed. This could also be obtained by shot peening as a plastic deformation 
process with subsequent annealing, though this is hardly investigated yet [5] .  Such static strain 
aging effects may be used to increase the fatigue limit and life of peened steels without the 
sumptuous experimental set-up of warm peening. However, at the same time thermal activated 
residual stress relaxation must be considered [6]. This paper explains the benefits of static strain 
aging on residual stress stability and on alternating bending strength of samples conventionally 
shot peened and subsequently annealed for relatively short times (1 - 60 min) at different tem- 
peratures. It will be shown that it is possible to separate the positive influence of static strain 
aging from the detrimental effects of thermal residual stress relaxation. 

3 Material and Experimental Approach 

The investigations were carried out using samples of the steel AISI 4140 (German grade 
42 CrMo 4) with the chemical composition 0.42 C, 1.04 Cr, 0.14 Mo, 0.21 Si, 0.71 Mn, 0.01 P, 
0.02 A1 and balance Fe (all in wt. - %). The 110 mm long hourglass shaped samples with a mi- 
nimal width of 18 mm were machined from flat material and ground to a thickness of 2.2 mm. 
Then they were austenitized for 20 min at 850 "C, martensitically hardened in oil (25 "C), tem- 
pered at 450 "C for 2 hours and cooled down in a vacuum furnace. After the heat treatment, the 



samples were ground to a thickness of 2.0 mm in order to eliminate distortions in their flatness. 
The final geometry of the samples can be seen in [1,2]. The shot peening treatments were per- 
formed using an air blast machine. The samples were peened from both sides simultaneously in 
order to avoid distortions. Cast iron shot S 170 with a hardness of 56 HRC was used at a pee- 
ning pressure of 1.2 bar with a media flow rate of 1.0 kglinin. The Almen intensity was 0.24 
mmA. The subsequent annealing was conducted in a salt bath furnace at defined temperature1 
time combinations. Residual stresses of the specimens were determined using X-ray technique. 
The {211 )-interference lines of the ferritic phase were determined at 9 gu-angles between -60" 
and 1-60' using CrKa-radiation and analyzed according to the sin2 gu-method [7].  Neglecting the 
elastic anisotropy, a Young's modulus E = 210 GPa and a Poisson's ratio v = 0.28 were used. 
Mechanical testing was carried out on alternating bending machines at a frequency of 25 Hz. 
Between 25 and 30 specimens were used for each S-N-curve. The results were evaluated using 
the arcsin fi-method [8]. 

4 Results and Discussion 

After shot peening compressive residual stresses OF at the surface of about -660 MPa were 
measured. These samples were then annealed for 1, 5 or 60 min at different temperatures. The 
annealing caused corresponding residual stress relaxation, which can be described using a Ze- 
ner-West-Avrami function 

where is the initial residual stress state and OFS (T,, ta) the remaining amount of residual 
stresses after annealing at temperature T, and time t,. AH is the activation enthalpy, k the Boltz- 
mann constant, and C and MI are material related constants [6]. The thermal residual stress re- 
laxation, which is increasing with increasing annealing temperature T,, can be seen in Fig. la-c 
(N = 0). For longer annealing times t, the residual stress decline is stronger. With Eq. 1 it is pos- 
sible to determine the activation enthalpy AH as well as the constants C and m by using an itera- 
tive mathematical procedure based on a least squares algorithm [9]. The results for C, rn and AH 
found are 4.96- 1013 llmin, 0.138 and 2.23 eV, respectively. The calculated activation enthalpy 
of 2.23 eV is close to the value of the activation enthalpy for self-diffusion of a-iron (.2.6 eV). 
This implies that the main microstructural process responsible for the residual stress relaxation 
is controlled by volume diffusion controlled creep, which is determined mainly by climb of 
edge dislocations. Using Eq. 1 and the values found for C, m and AH the thermal residual stress 
relaxation is calculated and is spread in Fig. l a  - c (N = 0). It is in good accordance with the va- 
lues measured. The ratios of the surface compressive residual stresses remaining after annealing 
plus defined loading amplitudes at alternating bending are also shown in Fig. 1. The applied al- 
ternating bending stress amplitude was o:,,, = 1000 MPa. The samples aged only at ambient 
temperature face a strong compressive residual stress relaxation of almost 50 % after the first 
bending cycle. Subsequent bending cycles (N = 10, 1 02, lo3) provoke further stress relaxation 
down to a value of about 20 % of the initial compressive residual stress value. Increasing an- 
nealing temperatures lead to an increasing amount of remaining residual stresses, after quasi 



static (N = l), and cyclic (N = 10, lo2, 10') loading. Above a certain annealing temperature, a 
maximum of remaining residual stresses is found, depending on the annealing time. This is 
caused by static strain aging with the formation of carbon atom clouds mainly around edge dis- 
locations and the associated stabilization of the dislocation structure. At further elevated tem- 
peratures the remaining residual stresses decrease again. The optimum annealing temperatures 
for AISI 4140 decrease with increasing annealing time from about 300 "C-350 "C for t, = 1 min 
to 230 "C-260 "C for t,, = 60 min. 

Figure 1: Ratios of the surface compressive residual stresses after annealing and defined alternating 
bending cycles 

Static strain aging tests were conducted over a wide range of annealing temperatures and 
times to determine the yield stress increases ACT,,, caused by static strain aging. After tensile 
loading to a total strain of 2 % the tensile samples specimen in a salt bath in the same way as the 
bending specimen. Afterwards they were reloaded until failure occurred. The yield stress 
increase caused by static strain aging was measured and is spread in Fig. 2 versus the annealing 
temperature Ta. There is a maximum in yield stress increase in the temperature range 
250 "C 5 Ta I 325 "C for the times investigated. This temperature range corresponds with the 
range in Fig. 1 for which the combined thermal and mechanical residual stress re-laxation de- 
creases. For higher annealing temperatures over-aging with coarsening of carbides which is 
combined with dislocation rearrangements occurs and the values of Ao,,, decrease again. This 
is more pronounced the higher the annealing times and temperatures are. The kinetics for coar- 
sening of carbides are governed by the slowest participating partner, which is self-diffusion of 
a-iron instead of diffusion of carbon atoms during the formation of carbon clouds. 
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Figure 2: Yield stress increases in static strain aging tests vs. annealing temperature 

It is unknown to which scale the alternating bending strength Rab of the as shot peened state 
is improved by different annealing treatments, because not only the aging effects have to be ta- 
ken into account, but also the detrimental effects of thermal residual stress relaxation. Therefo- 
re, the alternating bending strengths of shot peened samples were determined after annealing at 
different temperaturehime pairs. For the annealing time fa  = 1 min temperatures of 235 "C, 
280 "C and 300 "C were chosen to determine the respective alternating bending strengths. Ac- 
cording to Fig. I a those temperatures are equivalent to increasing residual stress stabilization, 
which was found after mechanical loading of specimens annealed for 1 min. The yield strength 
increases Ao,,, shown in Fig. 2 are also increasing at t, = 1 min with increasing annealing tem- 
perature up to a maximum of ACT,,, = 150 MPa at 300 "C. Additionally, alternating bending 
strengths were determined for ta = 60 inin at 220 "C and 255 "C. According to Fig. l c  both vari- 
ants are taken from the range of highest residual stress stabilization when annealed at t, = 60 
min. However, in Fig. 2 at t, = 60 mill the maximum of Aassa is not yet reached at these tempe- 
ratures. In [I]  no increase of Rab was found after the same shot peened steel was annealed at 
300 "C / 20 min. However, Fig. 2 shows that for this annealing treatment there is an obvious 
increase of A%,, , which should improve the alternating bending strength. For clarification, Rab 
was determined additionally for 300 "C 120 min. 

All results of the alternating bending strengths are shown in an extended residual stress 
Haigh - diagram in Fig. 3 where the alternating bending strengths Rab are spread versus the resi- 
dual stresses before cyclic loading. The solid Goodman line connects the Rab of the nearly resi- 
dual stress free ground state [ I ]  (on the ordinate) with the UTS (1375 MPa) at the tensile side of 
the residual stress axis (not plotted in Fig. 3). The slope yields a residual stress sensitivity of 
0.32, which is a value expected for quenched and tempered AISI 4140. The Goodman line is ex- 
tended to the compressive side of the Haigh - diagram. This describes the expected increase of 
Rab caused by the induced or remaining compressive residual stresses. However, as soon as the 



sum of loading stresses and assumed uniaxial residual stresses trespasses the cyclic yield 
strength R::' residual stress relaxation occurs and no further increase of Rab is possible. This is 
indicated by the dotted lines (D = R:':' - 4"). The one for the as shot peened state is originating 
at R:,'~" = 895 MPa [I]  and the one for the shot peened plus annealed state originates at R::' = 

1052 MPa [lo] (note, that in Fig. 3 only the range 300 MPa I Rab I 900 MPa is shown). The 
increases of Rab compared with the as shot peened state are between about 60 MPa and 150 
MPa despite thermal residual stress relaxation caused by the annealing treatments. This indica- 
tes, that the increases of Rab are caused by static strain aging. The extended Goodman line 
found for 300 "C I 1 min does not describe the respective alternating bending strength satisfac- 
torily, though the tendency to increasing alternating bending strengths is clearly given. It is con- 
ceivable, that Rab of a shot peened and annealed state, which would be assumed to be free of 
residual stresses could also be raised by short time annealing and that therefore it is not appro- 
priate to use the regular Goodman line to describe the alternating bending strengths found after 
shot peening plus annealing 
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Figure 3: Extended residual stress Haigh - diagram for shot peened as well as shot peened plus annealed 
samples of AISI 4 140 

In Fig. 4 the increases of the alternating bending strength ARab compared with the as shot 
peened state are spread versus the flow stress increases AD,,, introduced in Fig. 2. The increa- 
ses of the alternating bending strength correlate roughly linearly with the yield stress increases 
ACT,,, . After annealing for I min the strong increases of AD,,, with increasing annealing tem- 
perature cause corresponding ARab-increases. This correlates well with the increased stability of 
the residual stresses seen in Fig. la. While annealing for 60 min at 220 "C and 255 "C leads to 
similar remaining residual stresses after cyclic loading (Fig. lc), strong changes in the alterna- 
ting bending strength can be seen from Fig. 4. This shows that not only the residual stress stabi- 
lity but also the static strain aging itself lead to increases of the alternating bending strength. 
Finally, it can be stated that in contrast to [I]  annealing at 300 "C 120 min also increases Rab of 
the as shot peened state. 
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Figure 4: Effect of yield stress increase on the alternating bending strength caused by different annealing 
treatments 

5 Conclusion 

Shot peening with subsequent annealing was conducted. The residual stress relaxation behavior 
caused by the annealing process was modeled using a Zener-Wert-Avrami function. The activa- 
tion enthalpy for residual stress relaxation was determined to 2.23 eV, which is in the range of 
the activation enthalpy for self diffusion of a-iron. Therefore, volume diffusion controlled creep 
is considered to be the main microstructural process that leads to residual stress relaxation. Well 
directed annealing treatments performed after shot peening clearly decrease the amount of me- 
chanical residual stress relaxation in alternating bending compared to the as shot peened state. 
This is caused by the formation of carbon atom clouds around dislocations and very small carbi- 
des leading to highly stabilized dislocation structures. Tensile tests were conducted to quantify 
the yield stress increases caused by static strain aging. The results confirmed the temperature/ 
time ranges for which highest reductions of mechanical residual stress relaxation were found. 
The alternating bending strengths for selected shot peened and annealed variants were determi- 
ned and compared with the alternating bending strength of the as shot peened state. Pronounced 
increases of the alternating bending strength after short-time annealing could be identified. Ex- 
cessive annealing temperatures lead to over-aging, which is caused by coarsening of carbides 
and the rearrangement of dislocations. As long as over-aging is prevented it is possible to corre- 
late the alternating bending strength increases with the flow stress increases found in tensile 
tests. 



References 

A. Wick, V. Schulze, 0 .  Vohringer, Mat. Sci. and Eng. 2000, A293, 191-197. 
R. Menig, V. Schulze, 0. Vohringer, A. Wick, 2oth ASM Heat Treating Society Confe- 
rence Proceedings (Ed.: K. Funatani, G.E. Totten), ASM International, 9-12 October 
2000, St. Louis, M0,2000,257-264. 
J. D. Baird, Iron & Steel, 1963, 186-192 and 326-334. 
R. Menig, V. Schulze, 0 .  Vohringer, Mat. Sci. and Eng., 2002, in print. 
I. Altenberger, B. Scholtes, Scripta Mates. 1999, Vo1.41, No. 8, 873-881. 
0. Vohringer,Advances in surface treatment (Ed.: A. Niku-Lari) International Guidebook 
on residual stresses, Vol. 4; Pergamon Press, Oxford, New York, Paris, 1987, 367-396. 
E. Macherauch, P. Miiller, Z. f. angewandte Physik 1961, 13, 340-345. 
D. Dengel, Zeitschrift fur Werkstofftechnik 1975, 8, 253-261. 
V. Schulze, F. Burgahn, 0. Vohringer, E. Macherauch, Mat. wiss. u. Werkst. 1993, 24, 
25 8-267. 

[lo] R. Menig, V. Schulze, 0. Vohringer, Z. Metallkunde, 93 (2002), in press. 


