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Abstract 
 

This study investigates how the sprayed coating protects metal substrates from delayed frac-
ture. One surface of spring steel strips (0.6% carbon steel, 1.4-GPa tensile strength) was coated 
by flame spraying of 50Ni-50Cr and titania and exposed to cathodic charging or corrosion in 
strongly acidic solution under three-point bending load.  AE technique was utilized to deter-
mine the threshold strain for the delayed fracture. We used stepwise strain increasing method 
(SSI) to separate AE signals from delayed crack and from coating damage. Here the AE detected 
during a strain-increasing stage was classified as coating damage and those during strain holding 
as the delayed crack in the strip. The threshold strain determined by AE technique was correlated 
with concentration of diffusible hydrogen in the strip. Coated strips shows lower hydrogen con-
centration and higher threshold strain than strips without coating. Coating was found to act as 
diffusion barrier and to reduce hydrogen concentration significantly. Even the coating damaged 
at higher applied strain can reduce the hydrogen concentration in limited area and convert the 
break-before-leak fracture to leak-before-break fracture. 

 
Introduction 
 

Delayed fracture or hydrogen induced cracking of ferritic steels occurs when the hydrogen 
concentration in the steel becomes higher than a critical level. The critical level depends on the 
strength level of the steel and is as low as 3-4 ppm for high strength steel of >1 GPa.  When the 
hydrogen concentration is higher than 4 ppm over a wide area, the fracture tends to be cata-
strophic since unstable through-wall crack rapidly propagates over the wide area. Thus, the de-
layed fracture is known as a break-before-leak (BBL) type fracture. When the hydrogen concen-
tration is low in a limited area, we can detect the leak-before-break (LBB) type fracture and 
avoid the BBL by appropriate operation.  

 
Accidents of chemical process equipment by the delayed fracture is becoming lower since 

the steels with tensile strengths lower than 600 MPa have been widely used. Nevertheless, we are 
often asked to remedy chemical equipment damaged by the delayed fracture. Two effective 
countermeasures against the delayed fracture are available. One is coating with a metal having 
lower hydrogen over-potentials, such as Pt, Au, Ni, Cr, and letting the adsorbed atomic hydrogen 
or proton leave into solution as hydrogen gas. High Cr-Ni austenitic alloy steels possess both low 
hydrogen over-potential and low diffusion coefficient of hydrogen. It is noted that the diffusion 
coefficient (10-12 cm2/s) of hydrogen in austenitic steel is one million times smaller than that 
(10-6 cm2/s) in ferritic steel. The other method is a coating of diffusion barrier to the hydrogen. 
Oxide ceramics like titania or polymers is known as effective barrier material. However, polymer 
coatings are not widely used in process equipment due to their chemical and thermal degradation 
[1]. For such severe applications, we recommend a dual layer coating of 50Ni-50Cr alloy as a 
bond coat and titania (TiO2) as a top coat by thermal spraying. This coating has been commer-
cially demonstrated to be a quite effective method and acts as diffusion barrier of hydrogen. 
However, we have no scientific data on the diffusion barrier capability and hydrogen concentra-
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tion in the substrate. Thus, we conducted some fundamental research on delayed fracture of the 
Almen strip (quenched and tempered spring steel with tensile strength of 1.4 GPa) with and 
without sprayed coating.  

 
Difficulty in the delayed fracture test of sprayed coatings is that we cannot detect small 

cracks hidden under the coating. We used AE technique to detect the small cracks produced dur-
ing SSI (step-wise strain increasing) test of the coated material submitted to delayed fracture 
tests. Both the waveform analyses and delayed response of AE make it possible to separate the 
AE from cracks in the coating and delayed fractures in the steel substrate.  The AE from the 
delayed fracture were detected during strain holding and those from coating cracks were detected 
during strain-increasing stage. 
 

This paper reports a relation between the delayed cracks and hydrogen concentration in the 
substrate steel under coating. We used two types of test method, i.e., cathode charging in 
non-corrosive electrolyte and corrosion in a strongly acidified sulfuric acid solution.   
 

 
Fig. 1. Transverse microstructure of dual layer coating with SEM: TS-A deposited on sand- 
blasted spring steel strip.  

 
Fig. 2. Relation between bending strain and cumulative AE counts for three TS-A specimens.   
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Fig. 3. Lamb wave AE from small cracks at strain of 0.45% for TS-A coating during bending.   

 
Test Specimen  

  
We deposited coating on the sand-blasted Almen-C strips (2.3-mm thick, QT-treated 0.6% 

carbon spring steel) by acetylene-oxygen flame spraying of 50Ni-50Cr and/or titania. The 
50Ni-50Cr layer of 100 µm was used as a bond coat and titania of 100 µm as a top coat. Both 
coatings have low hydrogen over-potential and low diffusion coefficient of hydrogen. Three 
types of coatings (TS-A, B and C) were tested. Sprayed titania is TiO2-x and electrically conduc-
tive. 

TS-A: Silicone sealing of NiCr/Titania 
TS-B: Non-sealing of NiCr/Titania 
TS-C: Sealing of NiCr 

Transverse structure of TS-A is shown in Fig. 1. Pores in the top-coat is sealed by silicone but 
we cannot see the sealed silicone in the photo.  
 

We first studied AE characteristics of TS-A coating during three-point bending. Test method 
is the same as that in our previous paper on the delayed fracture test [2]. Figure 2 shows AE be-
havior for three TS-A coatings. Result for the TS-C is shown in lower portion of the figure. We 
observed two steps of rapid increases of AE for the TS-A. The first increase at around 0.4% 
strain is due to the generation of small defects in titania layer, since we observed no AE for the 
bond-coating only TS-C coating up to 0.9% strain.  Waveform of the Lamb AE detected at 
0.45% strain is shown in Fig. 3. Amplitude of the wave is low at a few mV. Arrival time differ-
ence Δt of the So-mode wave indicates a crack generation at the maximum strain or central 
loading point. AE from coating damage is the low frequency Lamb waves, seen along with su-
perposed high frequency and low amplitude ripple waves. This is supposed to be due to stacked 
and porous structure of the sprayed coating.  At around 0.9 to 1% strain, we observed the sec-
ond increase of AE due to through–layer cracks.  These AE signals are strong with a few tens of 
mV. Here, the critical strain of through–layer cracks causing the second increase for the three 
samples changes from 0.9 % to 1%, suggesting structure variation of the sprayed coatings.  

 
Delayed Fracture Test 
 

Delayed fracture tests were conducted by the following two methods at ambient temperature.  
• Method I: Cathodic charge at 500 µA/cm2 in a solution of (1 N H3BO4 + 0.033 mol/l KCl + 

0.02 mol/l thiourea).  
• Method II: Corrosion in pH = 0.4 sulfuric acid solution 
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In each method, charging electrolyte solution or corrodant was filled in a 16-mm diameter and 
70-mm long glass cell attached on the sprayed surface (convex plane), as shown in Fig. 4. It is 
noted that hydrogen diffuses in the convex side of an uncoated specimen and diffuses out from 
the concave free surface. This method simulates the actual process equipment, which absorb hy-
drogen from process fluid (inside) and easily release the hydrogen from the outside, open to air. 
As the hydrogen diffusion rate in the ferritic steel is very fast, its concentration in the steel is de-
termined by the rates of diffuse-in and -out of diffusible hydrogen. 
    

 
Fig. 4. Delayed fracture test method and AE monitoring. 

  

 
Fig. 5. Delayed fracture curves of as-received, sand-blasted and spray-coated strips under cath-
odic charging.  
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 AE events were monitored by two small sensors (PAC Type-PICO) mounted on the concave 
surface (without coating). Outputs of the sensors are amplified 40 dB and digitized by an A/D 
converter (Alazer). We adopted two monitoring methods. One is simultaneous monitoring during 
delayed fracture test (DFT), and the other is the monitoring during stepwise strain increasing 
(SSI) test after the DFT. The latter was mainly utilized in this research since we have only one 
monitoring system in spite of long DFT (20 days) of many samples. The SSI takes only 30 min-
utes. Detail of the SSI can be seen elsewhere [2].    
 
 Hydrogen concentration in the strips was measured by the glycerol method. In this method, 
strips with coating were dipped in glycerol at 30ºC for the maximum 30 days and measured the 
hydrogen volume released from the strips using a special capillary. Hydrogen concentration in 
the strip was expressed as mass of hydrogen per strip mass. Thus, the concentration in this paper 
is the concentration of diffusible hydrogen in the strip and coating.  
 
 We are not interested in the fracture times at high applied strains, but rather interested in the 
threshold strains of coated samples. For this purpose, we used the SSI to examine whether de-
layed cracks exist in the substrate steel. Here the delayed cracks are generally smaller than 400 
µm due to lower hydrogen concentration in the substrate. 

 
Test Results 
 
Results by Cathode Charge Method (Method-I)  
Time of fracture curves for coated samples, TS-A, -B and -C, are shown in Fig. 5 as well as 
those of as-received and sand-blasted strips. Threshold strain of the as-received and blasted strips 
is as low as 0.21%. These results are basically the same as previous studies on the delayed frac-
ture of shot-peened spring steel [1, 2]. Blasting produced large compressive residual stresses of 
1.2 GPa; however, the threshold strain was not improved by the compressive stresses, but is 
slightly lower than that of the as-received one possibly due to notch effect of rough surface and 
lattice defects. It is noted that hydrogen can easily diffuse into the metal with compressive resid-
ual stresses.  In contrast, the threshold strain (0.86%) of TS-A samples (sealed dual layer coat-
ing) is slightly higher than that (0.80%) of the TS-C samples (sealed NiCr layer). These strains 
agree well with the critical strains of through-wall cracks in Fig. 2.       

 
The fact that the threshold strain (0.61%) of TS-B samples (non-sealed dual-layer coating) is 

lower than the other two types of coated samples suggests that the sealing of the sprayed coating 
is important for producing an effective barrier against hydrogen diffusion. Lower threshold strain 
of the TS-B is due to impregnation of electrolyte through connected pores, and diffusion of the 
hydrogen into the steel substrate.  Figure 6 shows the transverse section of the fractured TS-A-0 
sample at applied strain of 1%. Both the through-wall crack and delayed cracks in the substrate 
are apparent. This is a typical example of delayed fracture produced by coating fracture. Frac-
tures at higher strains are explosive and we can hear loud fracture sound. Broken specimens 
sometimes fly off over 30 cm. This is due to high hydrogen concentration and rapid crack prop-
agation over wide area. 

 
Determination of the threshold strain of coated samples is very difficult since we cannot hear 

the sound or observe visually the crack under the coating. Thus, we used the SSI method for all 
samples charged for longer than 400 hrs. We monitored AE by applying static strains step-wise 
to the samples in air. The SSI test was performed within 1 hour after the termination of delayed 
fracture test. Figure 7 is the result for the sample TS-A-1 tested at strain 0.87% (see Fig. 5). 
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Fig. 6. Transverse photo of the TS-A-0 sample, hydrogen-charged for 0.42 hr at applied strain of 
1%. 

 
Fig. 7. Relation between step-wise strain change and AE generation during the SSI test of 
TS-A-1 sample, which was charged for 580 hrs at applied strain of 0.86%. 
 
During the SSI test, we first observed simultaneous step-wise increases of AE and strain. These 
AE signals were produced by small cracks and exfoliation in the coating. At the end of applied 
strain of 2.15%, we detected seven AE signals produced by delayed cracks. Weak AE signals 
suggested small size cracks, possibly due to low concentration of hydrogen. Important technol-
ogy in the SSI method is that we have to wait AE for 5-6 min. or sometimes 10 or more min. If 
hydrogen concentration in the strip is high enough to cause the delayed fracture, hydrogen in the 
strip diffuse into the initiation site of crack quickly and produce a brittle crack. Thus, the delayed 
AE during strain holding implies AE from delayed fracture. This AE is clearly separated from 
the AE signals by micro defects in the coating and noise. Another important element is to con-
duct quick SSI tests so as to prevent the hydrogen from diffusing out of the strip. The delayed 
AE at 2.15% strain in Fig. 7 implies the occurrence of delayed cracking without any doubt. 
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Fig. 8. Transverse photo of TS-A-1 sample, hydrogen charged for 800 hrs at 0.86% strain and 
then submitted to the SSI test to 3.5% strain. 
 

 
Fig. 9. Hydrogen concentration and threshold strain for four samples charged for 76 hrs. 
 

 We then sectioned the sample repeatedly and examined the transverse section. As shown in 
Fig. 8, we observed crack in titania coat and small exfoliation of NiCr layer, but could not detect 
delayed cracks in the strip. This means that the delayed cracks of this sample are too small to 
appear on the cut sections. However, delayed AE at 2.15% strain in Fig. 7 definitely demon-
strates the delayed fracture in the strip, thus we determined the threshold strain of the TS-A sam-
ples as 0.86%. Threshold strain of TS-A sample is four times larger than that (0.21%) of 
as-received strips.  
 

Detail mechanism for protective or preventive effect of thermal spray coating are not well 
known, but we now consider if it is due to diffusion barrier against hydrogen, based on the fol-
lowing facts. Figure 9 compares the diffusible hydrogen concentration in the strip with and 
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without coating and threshold strain for delayed fracture. It is noted the hydrogen concentration 
in the TS-A strips charged for 76 hrs is as low as 1.5 ppm. This concentration is lower than the 
critical concentration (3 ppm) for 1.5 GPa steel [3]. Hydrogen concentrations in TS-B, and -C 
samples are 3 and 3.3 ppm, respectively. These concentrations are lower than that (7.8 ppm) of 
bare strip, but are supposed to be still higher than the critical hydrogen concentration of this steel.   
Delayed fracture pattern on the back surface of bare strip at 0.25% strain and TS-A strip at 
0.91% are compared in Fig. 10. We observed catastrophic brittle fracture for the bare strip at low 
applied strain (0.25%). For the coated TS-A strips, however, we observed a branched and zigzag 
crack, which often stopped its propagation. The latter is due to low concentration of hydrogen in 
the strip and suggests that spray coating can convert the BBL (break before leak) type fracture to 
the LBB (leak before break) type. As the thermal spray coating acts as diffusion barrier of hy-
drogen, it significantly reduces the hydrogen concentration in the steel substrate. If the coating is 
locally damaged, hydrogen diffusion is limited in a small area. Rapid diffusion-out of impreg-
nated hydrogen leads to low concentration, and can avoid the BBL-type fracture.                         
 

 
Fig. 10. Back surface crack of the bare Almen strip (upper) and strip with sprayed coating sub-
jected to cathodic charge test (lower).  
 
Results of Corrosion Tests (Method-II)  
This test was intended to study the performance of the sprayed coatings in severe corrosive en-
vironment. However, the selection of acid concentration was a difficult problem. Adoption of a 
weak acid solution needs time-consuming test, while a strongly acidified solution may give the 
coating unexpected damages.  As we have no reference data on the corrosion rate of spring steel 
strip in acidic solution, we adopted a solution of 4-N sulfuric acid (pH=0.4 at 298 K)). This solu-
tion was once used as an SCC-test solution of austenitic stainless steel by adding 0.4-N NaCl.  
Sand-blasted or shot-peened 304 stainless steel suffers severe local corrosion at room tempera-
ture. Therefore, the sulfuric acid solution of pH=0.4 is noted as a severe corrosive solution. We 
first measured corrosion rate of bare strip in pH=0.4 sulfuric acid solution at 25ºC. The corro-
sion rate reached 1 to 1.2 μm/hr, and the 2.3 mm thick strip completely dissolved after 2000 hrs. 
We next evaluated the corrosion resistance of the coating in pH=0.4 sulfuric acid and then 
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Fig. 11. Time to crack curves of Almen strips with coating (TS-A) in pH=0.4 sulfuric acid and 
bare strips in pH=2 sulfuric acid solutions. 
 

 
Fig. 12. AE timing during the SSI test of Nino-05 sample exposed to pH=0.4 sulfuric acid solu-
tion for 600 hrs at applied strain of 0.83%. 
 
measured the threshold strain if the coating shows some resistance to this solution. We also 
measured the time-limited threshold strain of as-received and sand-blasted strips in pH=2 sulfu-
ric acids. The corrosion rate of the strip in pH=2 solution is 50 times lower than that in pH=0.4 
solution.  
 
  Figure 11 shows delayed fracture data in pH=2 and 0.4 sulfuric acid solution at 298 K. As 
both the bare and blasted strips suffer continuous general corrosion in pH=2 solution, they 
showed no clear threshold strain. Time-limited threshold strain at 1000 hr is measured as 0.22% 
for as-received bare strip and 0.06% for blasted strips. It must be noted that sand-blasting and 
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possibly shot-peening give negative effect for the hydrogen induced cracking in acidic solution. 
The negative effect appears to be due to rapid dissolution rate of hardened layer and higher lat-
tice defects acting as trap sites for hydrogen.     
 
 Exposure tests for the TS-A samples in pH=0.4 solution were conducted up to 1200 hrs. 
Threshold strain was determined by the SSI-test for the samples named Nino-04, -05, -07, -08 
and -10. Here only Nino-05 sample, exposed for 600 hrs at strain of 0.83%, emitted the delayed 
AE. Figure 12 shows AE timing during the SSI test of Nino-05 sample. The dotted arrows, de-
tected during strain increasing stage, designate the AE signals from small damages in the coating. 
We detected one delayed fracture AE event (data count: 182) during strain holding at 1.23%. 
This AE was detected at 1200 s of strain holding, and indicated a single delayed crack in the 
substrate. Figure 13 shows waveforms of this AE signal (DC 182).  Amplitude of So-mode is 
relatively large compared to that of Ao-mode, indicating a sub-surface crack as the origin. Fre-
quency of this wave is much higher than that of AE signals from coating damage (Fig. 3).  
 

 
Fig. 13. Waveform of AE (DC-182) detected during strain holding at 1.23% for Nino-05 sample.  

 
Fig. 14. Transverse section of Nino-05 after the SSI test. Nino-5 was originally exposed to pH = 
0.4 sulfuric acid for 600 hrs at 0.83%. 
  

We then examined the transverse section of Nino-05 sample, and found one crack of 320-µm 
length (see Fig. 14). The steel substrate suffered localized corrosion of 270 µm and coating layer 
was damaged over 5 mm by straining to 1.23 %. We assume the loss of coating over 5 mm 
around the central loading point occurred during the strain-increasing stage in the SSI test. We, 
however, can observe remaining coating on the right and left edges of Fig. 14. This means that 
the sprayed coating was corrosion resistant in pH=0.4 sulfuric acid when it is not heavily loaded.  
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Fig. 15. SEM of delayed crack in sample 
Nino-05. 

Substrate steel at loading point was at-
tacked to the depth of 270 µm. As the corro-
sion rate of this steel in pH=0.4 acid solution is 
1 ~1.2 µm/hr, the coating was corroded for the 
last 225 ~270 hrs exposure. In other word, the 
coating prevented the substrate from corrosion 
for the first 330 ~375 hrs even at strain of 
0.83%. 

 
For Nino-05 sample, we can observe a de-

layed crack at the bottom of the deepest local 
attack. SEM of this crack is shown in Fig. 15. 
We can see both the open crack of 67-µm long 
and closed crack of 193-µm long. The open 
crack, filled with corrosion product, appears to 
be generated during the immersion test in 
pH=0.4 solution for 600 hrs, while the closed 
crack was produced during the SSI test. This 
closed crack produced a delayed AE (DC 182) 
in Fig. 12, but stopped its propagation, due to a 
low hydrogen concentration in the steel. 

 
Figures 16 and 17 are for the case for 

Nino-04 sample (TS-A), which was immersed 
in acid for 600 hrs at 0.8% strain. The SSI test 
of this sample (Fig. 16) emitted no delayed 
fracture AE even at 1.4% strain. Steel subst- 

  
rate suffered a wall reduction of 230 µm over a 2-mm wide section. As the damage width (2 mm) 
of this coating is approximately half that (5 mm) of Nino-05, hydrogen concentration in the steel 
stayed at a low level, and cannot produce a delayed crack. Good information for us is that the 
sprayed coating, except at the central loading portion under 0.8% strain, protected the steel sub-
strate almost perfectly from severe acid corrosion. We do not observe accelerated corrosion loss 
of the steel by galvanic action with noble 50Ni-50Cr coating. This dual-layer coating sealed by 
silicone (TS-A) is demonstrated to be an excellent barrier against corrosion and hydrogen diffu-
sion when excess strain is not applied. It should be noted that the applied strain of 0.8% is ex-
tremely large in actual process equipment, corresponding the applied stress of 1.7 GPa.    
 
Conclusion    
 

The utility of thermal spray coating against delayed fracture of high strength steel was stud-
ied by determining the threshold strain under hydrogen exposure. Difficulty of detecting small 
cracks in the coated substrate can be overcome by using AE technique during SSI test. Delayed 
AE signals during strain holding accurately predict the existence of a small crack and help us 
determine the threshold strain for delayed fracture test.  Threshold strain of the strips coated by 
dual layers of NiCr and titania were significantly improved, possibly by its diffusion barrier per-
formance to hydrogen. Sealing of sprayed coating seems to be essential for excellent barrier per-
formance against hydrogen diffusion and solution impregnation. 
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Fig. 16. SSI data of Nino-04, initially exposed to pH=0.4 sulfuric acid solution at 0.8% strain for 
600 hrs.   
 

 
Fig. 17. Transverse section of Nino-04 sample after the SSI test. 
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