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Abstract 
  

This research aims to study the effect of shot peening on the delayed fracture using the Al-
men strips and AE technique. The Almen strip is a thin spring-steel coupon for measuring the 
peening intensity from its arc height. We used the conventional delayed-fracture test of 
three-point bent strips in two types of charging solutions with and without poison (thiourea) and 
step-wise strain increase (SSI) method. AE technique was successfully utilized to determine the 
threshold strain to induce the subsurface micro-cracks in the strips. Proposed test method was 
found to be valid for high strength steels (>1 GPa) with trapped hydrogen, and provides us with 
important information on hydrogen. 

 
Keywords: Shot peening, Alemen strip, Step-wise strain increase (SSI), Delayed fracture, 
Trapped hydrogen   
 
Introduction 
 

Delayed fracture of ferritic steels occurs at static and dynamic tensile stresses exceeding the 
threshold stress. The threshold stress is reported to decrease with tensile strength higher than 1.1 
GPa. Countermeasures against the delayed fracture are to reduce the strength of the steels and to 
prevent hydrogen diffusion into the steel. Steels with Rockwell hardness lower than C22 does 
not suffer the delayed fracture even if the steels absorb hydrogen. Coating of the steels by ce-
ramics and polymer is another effective countermeasure. Thermal spraying of titanium oxide has 
been demonstrated to be an effective countermeasure against the sulfide stress cracking.  

 
Shot peening has been considered to be an effective countermeasure, but very few experi-

mental data were reported. Shot peening, however, appears to possess both negative and positive 
effects. Compressive residual stresses in peened layer can be beneficial for preventing the de-
layed fracture.  Negative effects are supposed to be due to defects such as vacancies and dislo-
cations, which act as the trap site of hydrogen.  Disrupted grain boundary induced by strong 
shot peening, however, has positive effect in reducing the initiation sites of micro-cracks along 
grain boundary. Work hardening of the surface layer by shot peening is negative due to higher 
hardness. 

 
Watanabe et al. [1] reported that the time to fracture at higher applied stresses is increased by 

shot peening, possibly by the trapping of diffusible hydrogen, while the threshold stress is not 
changed by the shot peening [1]. The present authors believe that the threshold stress is much 
more important than the fracture times. Extension of fracture time by shot peening is not useful 
by itself in process plants. We focus our attention to the threshold strain or stress to cause the de-
layed fracture of peened or non-peened steels. 

   
We studied effects of shot peening on the delayed fracture using the Almen strips (ASE J442). 

Here, the Almen strips are thin spring-steel coupons, which are used to measure the peening in-
tensity from the arc height. The strip is 0.6%-carbon steel (SAE1070, JIS G4801), and quenched 
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and tempered to the strength level of 1400-1500 MPa. We used a three-point bend method for 
conventional delayed fracture test (abbreviated as the DFT). Fracture times of bent strips are 
monitored in two charging solutions with and without poison (thiourea). The former is called as 
an aggressive solution and the latter a less-aggressive solution. As it takes extremely long times 
for determining the threshold strain to cause the delayed fracture by the conventional DFT, we 
used acoustic emission (AE) technique to determine the threshold strain quickly, where the hy-
drogen pre-charged strips were step-wise bent in air within one hour. This method, named as 
step-wise strain increase (SSI) method, was found to be useful to determine the threshold strain 
and supply us with important information on the trapped and diffusible hydrogen. 
 
   In this report, we discuss whether shot peening is effective to prevent the delayed fracture of 
high-strength steel. We tested as-received Almen strip (1480 MPa), additionally tempered strip 
(1100 MPa) and as-cast maraging steel strips (1000 MPa ) using both the DFT and SSI methods.  
 
Specimen and Test Method 
 

Size of the Almen strips (strip-A specified in the SAE J4542) is 76 mm long, 19 mm wide 
and 1.4 mm thick. Strips are oil-quench from 650ºC and water cooled from 425ºC tempering.  
Rockwell hardness of the strip is C45 and estimated tensile strength is 1480 MPa. Thus, the 
strips show extremely high sensitivity to the delayed fracture due to their tempered martensite 
structure. We also used additionally tempered Almen-A strips (named as 2-ST strips), which 
were oil cooled from 575ºC tempering. The hardness and tensile strength of the 2-ST strip are 
Hv = 360 and 1110 MPa, respectively. As we can not reduce the strength level of the Almen strip 
lower than 1110 MPa, we also utilized as-cast maraging steel strip with tensile strength of 1000 
MPa.    

 

 
Fig. 1 Step-wise strain increase (SSI) and three-point bend delayed fracture test (DFT) with AE 
technique. 
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Figure 1 shows the SSI and three-point bend DFT method with AE sensors. Arc height of the 
strips, bent by fastening the bolt, was measured by the Almen gage. We observed a good agree-
ment between the surface strains measured by strain gage and calculated one from the arc height 
(curvature) of the bent strips.  
 

Table 1 Six types of shot peening 

 

 
Fig. 2 Hardness and residual stress distribution of peened Almen strip-A. 

 
Hydrogen was charged to the bent strips by cathodic charging at current density of 600 

µA/cm2 using an electrolyte of pH = 4 (1 N-H3BO4 + 0.033 M-KCl) solution with and without 
thiourea (0.001 M) in a 16-mm diameter glass cell attached on the convex surface. Here the 
thiourea acts as poison and remarkably increases the diffusion of atomic hydrogen into the strips.  
Hydrogen content in the steel by the electrolyte without poison is fourteen times smaller than 
that by the electrolyte with poison. Charging method of Fig. 1 allows both the in-diffusion of hy-
drogen into strips from the convex surface and the out-diffusion from the concave surface. This 
can simulate actual component exposed to internal corrosive fluid.  

 
AE events were monitored by two small sensors (PAC Type-PICO) mounted on the concave 

side. Outputs of the sensors are amplified 40 dB and digitized by an A/D converter (Alazer). AE 
monitoring during hydrogen charge aimed to detect both the sub-surface and internal cracks. 
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Shot peening was performed by direct compressed-air (0.5-0.55 MPa) method using partially 
stabilized zirconia (PSZ) and glass beads (GB) of 1-mm or 0.6-mm diameter. Here, the shots 
(particles) were accelerated by compressed dry air and impinged to strips tightly fixed on a thick 
plate. Peening conditions are shown in Table 1. Here the arc height (AH) is measured for the 
Almen strip-A and shown such as “xx mmA” according to SAE J4542. Shot peening by PSZ of 
high density (4900 kg/m3) and high fracture toughness (KIc = 12 MPa m1/2) can produce a smooth, 
clean and hardened layer of 100 to 200 µm thickness with the maximum compressive residual 
stress equivalent to tensile strength of the strips, as shown in Fig. 2. It is noted that the first crack 
by the DFT occurs at higher hydrostatic pressure field below the surface (sub-surface crack) and 
cannot be detected by visual inspection. Contrary to the PSZ peenig, glass beads were easily 
broken during the peening and embedded in the strips. The embedded pieces sometimes act as 
defects and notches. 
 
Results and Discussion 
 
 We first present test results of Almen strip, two-step tempered Almen strip and as-cast 
maraging steel strip in aggressive solution.  Next, we discuss the result of as-received strip in 
less aggressive solution. 

 
Fig. 3 Time to surface crack curves of Almen strip-A in an aggressive electrolyte with poison. 

 
Delayed fracture in aggressive environment  
 
1) As-received and peened Almen strip-A (1480 MPa)  

Figure 3 shows the delayed fracture curves of as-received (non-peened) and shot-peened 
strips-A by conventional DFT in aggressive solution. Time to cracking on the surface at higher 
applied strains is shortened by the shot peening.  The shot peening by glass beads (method-4) 
shortened the time, possibly due to the notch effect. Threshold strain was unaffected by the shot 
peening, but was low at 0.22%. This fact implies that the shot peening does not give any benefi-
cial effect to such a system of extremely high strength steel and aggressive environment. Hydro-
gen content in the non-peened strip-A was measured as 28-30 ppm. Residual compressive 
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stresses do not give any positive effect to prevent or reduce the delayed fracture. In Fig. 3, we 
showed three threshold strains, determined by the SSI method, near the vertical axis. The three 
strains are measured as 0.22% and coincided well the threshold strains determined by the con-
ventional DFT.  

 

 
Fig. 4 Relation between step-wise strain increase and cumulative AE counts for non-peened Al-
men strip-A. The strip was pre-charged in aggressive solution. 

 
Fig. 5 Relation between step-wise strain increase and cumulative AE counts for the Almen 
strip-A peened by method-5.  

 
We next introduce how the threshold strains are determined by the SSI method. Two exam-

ples of the SSI results for non-peened and peened strips are shown in Figs. 4 and 5, respectively. 
The strips were first hydrogen charged for 6 hrs or more at no strain and then bent step-wise in 
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air.  AE signals were monitored during strain holding time for 1 to 10 min. The SSI test was 
finished within 15 to 60 min, depending on the initial strain. For the non-peened strip-A of Fig. 4, 
we observed a rapid increase of AE signals at applied strain of 0.22%. We also heard strong 
audible sound (sound emission) at approximately 3 min after the first emission of AE. At the 
timing of the strong sound emission, we observed a surface crack. Thus, the AE generation just 
after the applied strain of 0.22% indicates the initiation of subsurface micro-crack, and sound 
emission the surface open crack. In Fig. 5 for peened strip (by method-5), we clearly observed 
two-step rapid increases of AE events, i.e., the first at 0.21% and the second at 0.218%. We heard 
weak sound emission during the first rapid increase of AE, and strong sound emission during the 
second AE increase. The latter sound emission is produced by an open surface crack. Such clear 
two- or three-step emission is characteristic features of peened strips, possibly due to the arrest of 
subsurface micro-cracks by hardened layer with large residual compressive stresses.   

 

 
Fig. 6 Surface and transverse photos of the peened Almen strip-A after the SSI-test. 

 
Figure 6 shows surface and transverse photos of another peened strip (method-3), which was 

interrupted at the end of the first step-wise increase of AE. We observed no surface crack, but 
found buckling trace on the concave surface at this moment. In the transverse section of this 
specimen (right photo), we observed an open surface crack in addition to branched internal 
cracks. The surface crack was supposed to be produced by an additional loading during cutting 
and molding, and opened due to the release of compressive residual stresses. Problems in con-
stant-strain type DFT is the difficulty of detecting internal micro-cracks, which initiate at high 
hydrostatic pressure field below the surface. AE makes it possible to detect the generation of 
such hidden micro-cracks.   
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Fig. 7 Examples of Lamb waveforms produced during SSI test of peened Almen strip-A. 

 
We detected three types of Lamb-wave AE signals during SSI test of peened strip-A, but 

have inadequate to correlate the wave and fracture types. Two examples are shown in Fig. 7. 
Type-A is Lamb waves with high-frequency component. Type-B waves with low-frequency 
component were often detected at the timing of the sound emission or emergence of surface 
crack. The sound emission can be used to monitor the opening of surface crack but the AE can 
accurately monitor the initiation of hidden subsurface micro-cracks.  

 

 
Fig. 8 Time to crack curves of two-step tempered Almen strip-A in aggressive solution. 
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2) Two-Step Tempered Almen Strip (1100 MPa)  
Fracture curves of 2-ST strips in aggressive solution are shown in Fig. 8. There, again, ob-

served no beneficial effect of shot peening on the delayed fracture. Surface cracks were detected 
at similar times in both peened and unpeened strips, as shown by solid lines. In Fig. 8, the time 
of the first AE detection or the initiation of sub-surface crack is shown by symbol ◊  with a dotted 
line.   The time shown is approximately half of the time for surface crack detection of the peened 
or unpeened strips.  

 
We studied how AE technique can monitor the progression of subsurface micro-cracks to 

surface crack during hydrogen charging.  Figure 9 shows an example of cumulative AE counts 
with charge time for the non-peened 2-ST strip at applied strain of 0.5%. Event counts increased 
exponentially after the first AE at 2.4 hr and showed a plateau from 4 to 5 hr. It is noted that the 
invisible internal damage occurs at surprisingly fast time. We could not hear audible sound from 
this strips of 1140 MPa strength.    

 

 
Fig. 9 Change of cumulative AE counts of two-step tempered Almen strip-A at applied strain of 
0.5% during delayed fracture test. 
 

 
Fig. 10 Relation between step-wise strain increase and cumulative AE counts for the two-step 
tempered Almen strip peened by method-3. The strip was charged in aggressive solution. 
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Figure 10 shows results of an SSI test. Threshold strain (0.295%) of the peened strips 
(method-3) determined by the SSI method agrees well with that (0.29%) of Fig. 9. We inter-
rupted the strain increase at 0.34% and studied internal cracks.  As shown in Fig. 11, we ob-
served several branched buckling traces on the concave surface. These traces were found to be 
produced by several internal cracks, which did not reached the convex surface, as shown in the 
lower figure. Subsurface cracks tended to progress to concave surface rather to the convex sur-
face, where large compressive residual stress existed. Residual compressive stresses prevented 
the progression of internal cracks, but could not prevent their initiation in aggressive solution 
where extremely high hydrogen was supplied.   

 
Fig. 11 Buckling traces and internal cracks produced by SSI of peened two-step tempered Almen 
strip. 
 
3) Maraging steel strips (1000 MPa)  

Effect of shot peening on the crack curves of maraging steel strips is shown in Fig. 12. 
Threshold strain of peened strips increased from 0.29% (un-peened) to 0.41% for the strips 
peened by method-2. For these strips with 1000 MPa strength, we first observed positive effect 
of shot peening. High resistance of QT-treated maraging steel to the delayed fracture is well 
known, but we improved the crack resistance of as-cast maraging steel by shot peening. Positive 
effect is considered to arise from both the low strength level and low concentration of diffusible 
hydrogen in this steel. Low hydrogen concentration is possibly due to slow in-diffusion of hy-
drogen in hardened layer with large compressive residual stresses. Indeed, hydrogen concentra-
tion of strip charged for 20 hrs, measured by Glycerol method, is approximately 15 ppm and half 
that in peened Almen strip.  

 
Data for three types of strips with different strength levels implies that the peening effect is 

strongly affected by hydrogen concentration and strength level, and positive effect can be ex-
pected for low strength material in less-aggressive environment. In Fig. 12, near the left vertical 
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Fig. 12 Time to crack curves of maraging steel strips in aggressive solution. 

 
axis threshold strains of four kinds of strips are shown. These were determined by the SSI 
method, and agree well with those determined by time-consuming DFT. 
  

Figure 13 shows SSI result for the maraging steel strip peened by method-2 (0.6 mm A). 
Strain to cause a rapid increase of AE is measured as 0.4%. Feature of SSI test for these strips is 
that we did not observe multi-step increases of AE events as seen for Almen strips (Figs. 5 and 
10).        
 

 
Fig. 13 Relation between step-wise strain increase and cumulative AE counts for the maraging 
steel strip peened by method-2. The strip is pre-charged in aggressive solution. 
 
4) Almen strips in less aggressive solution 

DFT result for Almen-A strip (1480 MPa) in less-aggressive solution is shown in Fig. 14. 
Threshold strain (0.75%) of the strips peened by method-6 is higher than that (0.55%) of 
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as-received strip. It is noted that the coverage by peening method-6 is as low as 40%; neverthe-
less, we observed positive effect. It is our future project to study what kind of peening, strong or 
weak, is most effective for delayed fracture.  

 

 
Fig. 14 Time to crack curves of peened and un-peened Almen-A strips in less aggressive solu-
tion. 

 
The fracture curve for the peened strips showed discontinuous yielding behavior. This is 

presumably caused by the higher applied strains. The applied strains for the peened strips are 
more than 1%, above the yield strain of the strips. True stress of the bent strip at yield strain is 
reported to decrease slightly at the end of the Lüders yielding [2]. Thus, the longer crack time at 
strain of 1.1% is apparently due to lower stress. Whether this reduced the actual driving force for 
gliding dislocations and diffusible hydrogen is unknown at present. This peculiar phenomenon is 
considered to be not from the weak peening, but needs future study.   

 
Hydrogen concentration in the peened strip-A, charged for 40 hrs in less aggressive solution, 

is measured as 2 ppm. This concentration is 14 times smaller than that (28 ppm) in aggressive 
solution.  It is also noted that the threshold strains of un-peened and peend strips by the conven-
tional DFT agree quiet well those determined by the SSI tests.  
 
Validity of the SSI Method 
 

The SSI method takes 15 to 60 min for determining the threshold strain. Both the rest time of 
the strips from hydrogen charging to the SSI test and the step holding time can be utilized to 
study the effect of trapped and diffusible hydrogen on the delayed fracture. Diffusible hydrogen 
diffuses out from strips during the rest time and step-holding time.   

 
Figure 15 compares the critical arc heights determined by the SSI and DFT. Left four strips 

were tested within 10 min after the hydrogen charging and right three strips were tested after 
several rest conditions shown. Threshold strains of strips, which were rested for 50 and 24 hrs at 
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0˚C, are slightly higher than those determined by the DFT. This suggests that the diffusible hy-
drogen easily out-diffuse from the strips, but is essentially needed for crack initiation. Both the 
trapped and diffusible hydrogen are needed for sub-surface crack initiation. The SSI method does 
not need any sophisticated tensile machine but can save time and cost of the testing significantly. 
Quantitative data between the rest time, threshold strain and hydrogen concentration need further 
elaboration and is also future research project. 
 

 
Fig. 15 Comparison of threshold strains determined by delayed fracture tests (DFT) and SSI 
method.  
 
Conclusion 

 
Effect of shot peening on the delayed fracture of QT-treated spring steel (Almen strip) and 

maraging steel were studied by both the conventional delayed fracture test (DFT) and step-wise 
strain increase (SSI) method assisted by AE technique.  

 
Results are summarized in Fig. 16 and below. 

1) Shot peening shows no beneficial effect on the delayed fracture when high strength strips 
(1480∼1100 MPa) are hydrogen-charged in aggressive solution with poison. Sub-surface 
cracks tended to generate at the bottom of hardened layer and propagate into the concave side. 
Surface crack was first detected by visual inspection when the internal cracks propagated 
through the peened layer with compressive residual stresses. This time is much longer than 
the time for sub-surface crack initiation.    

2) Positive effect of peening, i.e., increasing the threshold strain, were observed when i) marag-
ing steel strip (1000 MPa) was hydrogen charged in aggressive solution and ii) high strength 
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Almen strips were charged in less aggressive solution. Effect of peening on the delayed frac-
ture significantly changes depending on both the strength and hydrogen concentration in the 
strips.   

3) The SSI method, assisted by AE technique, can determine the threshold strain correctly when 
it is used with short rest time after the hydrogen charging. This method can save test time 
significantly and be utilized for studying the effect of trapped and diffusible hydrogen on the 
delayed fracture.  

 

 
Fig. 16 Effect of shot peening on the delayed fracture. 
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