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Electromechanical Behavior and Environmental Resistance of Laser-fabricated Oxides on 
Stainless Steel 

Figure 7: Cumulative distribution plot of fracture loads (determined from 
excursions in conical tip load-depth data like that shown in middle plot 
of Fig. 8). The critical load required to cause fracture is a function of 
processing parameters: faster laser scan rates require a higher applied 
load to cause through-thickness fracture. Similarly, faster laser scan 
rates have higher maximum fracture loads than their slower 
counterparts. Since load at fracture can be used to calculate fracture 
toughness, Fig. 7 indicates there should be a correlation between 
processing parameters and fracture toughness.  

Objective & Characterization Methods 

5o grazing incidence x-ray diffraction and multiscale microscopy reveal formation of multiple 
oxides with composition gradients and highlights distinct morphology and microstructure. 

Oxide Phase & Morphology 

	


• Oxides grown via nanosecond pulsed laser irradiation are composed of multiple phases. High residual 

stresses from formation are relieved through oxide delamination and through-thickness cracking. 	



• Hardness and elastic modulus of oxides on SS 304L are ~12GPa and 160GPa, respectively,  and are 
relatively insensitive to processing parameters. However, faster laser scan rates (i.e., lower laser fluence) 
lead to oxides that fracture at higher loads for a given contact probe.	



	



• Conducting nanoindentation manifests a unique correlation between laser processing parameters and 
oxide  conductivity—faster  laser  scan  rates  correspond  with  higher  conductivity,  likely  due  to  the 
presence of point defects such as vacancies as well as large defects such as through-thickness cracks.	



•  Immersion in simulated seawater results in corrosion of the steel immediately beneath oxides, indicating 
surface cracks are through-thickness and substrate composition is altered during processing. Multiscale 
EDS reveals Cr-depletion, increasing susceptibility to seawater attack, at all processing parameters.	



Conclusions 

Nanosecond pulsed laser  irradiation of  stainless  steel  304L  substrates 
leads  to  the  growth  of  highly  colored  oxide  films for  use  as  passive 
indicators of tamper in welded or sealed components of energy systems. 
Microscopy  and  diffraction  techniques  were  used  to  characterize  the 
morphology,  microstructure,  and  phase  of  the  oxides.  Mechanical 
behavior,  fracture,  and  electromechanical  characteristics  of  the  films 
were  investigated  with  a  variety  of  nanoindentation  techniques. 
Environmental resistance was evaluated with immersion testing followed 
by focused ion beam sectioning and energy dispersive spectroscopy. 	

 Figure 1: Colored oxides. 

Dynamic nanoindentation yielded modulus, hardness, and stiffness values. High-load quasi-
static (QS) conical indentation was used to determine load/depth at oxide fracture events.  

Oxide Mechanical Properties & Fracture Behavior 

Figure 5: Modulus and hardness data.  

Figure 3: SEM image (left) showing rippled surface 
topography, inset shows schematic of laser raster 
resulting in ripples. AFM image (right) of a single 
ridge-valley period leading to large scale ripples. 

Laser Scan Rates 
(mm/s) 

Pulse Frequency 
(kHz) 

Hardness 
(GPa) 

Modulus 
(GPa) 

30, 47, 80, 175 225 9.2±2.1 155±25 
10, 50, 90, 130 250 8.8±2.1 145±39 
10, 50, 90, 130 275 11.6±3.5 166±32 
40, 50, 60, 70 350 11.4±2.6 198±43 

Table 1: Average modulus and hardness 
data. Values are means of maximums, 
averaged over all four scan rates per 
frequency. 

Conducting  nanoindentation  measured  current  response  to  voltage  sweeps  and  indicates  a 
correlation between laser exposure, current-voltage behavior at a constant load of 10mN. 

Oxide Electromechanical Properties 
Figure 8: Polarization curves for 225kHz oxides, 
normalized by thickness. Conductance is not a 
function of thickness, thus the dependence on 
scan rate must be linked to defect density. Inset 
equation links conductance, σi, with defect 
concentration, ci. 

Figure 2: GIXRD of 250kHz SS 
oxides (left).  Peak ID indicates 
predominant oxides are Fe3O4 
and a Cr-Ni-Fe oxide. STEM EDS 
(right) reveals a sharp interface 
between substrate and oxide, but 
two distinct phases in the oxide 
with a composition gradient 
between the interfacial layer and 
overlayer. 500nm 
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Oxide System Environmental Resistance 
Oxided areas were isolated then submerged in a 3% NaCl solution (simulated sea water) for 25 
days. Uniform corrosion product indicates exposure of an altered substrate. 
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Figure 10: Post-immersion 
optical image (middle); of 
corrosion product covers 
oxides. SEM image of 
corrosion product on 
oxide area (left), inset 
s h o w s s t r u c t u r e o f 
product; (right) higher 
magnif icat ion optical 
micrograph indicates 
corrosion product is not 
well-adhered. 

Figure 11: Deposition of a uniform corrosion 
product suggests substrate composition is 
altered. FIB cross-sectioning (left) followed by 
EDS dot-mapping reveals a Cr-gradient 
between the bulk substrate and oxide layers. 
Overlayed Fe-Cr and O-Cr maps (middle) show 
development of layers, while individual 
element dot maps indicate relative amounts 
and areas of intensity for Fe, Cr, O used to 
create overlap maps. 

Figure 12: Metallographic cross 
sections examined with EDS spot 
profiles provide a semi-quantitative 
analysis of microconstituents. Cr 
content decreases near the substrate-
oxide interface and then increases 
slightly in the oxide (positions shown 
on left, amounts in plot on right). 
Depletion of Cr increases susceptibility 
to seawater attack. 

Figure 13: STEM EDS of an oxide-
substrate interface which was not 
exposed to salt water also reveals a Cr 
gradient, further corroborating the 
proposal that substrate heating during  
laser processing results in Cr diffusion 
through the bulk substrate into the oxide 
leading to a Cr-depleted, “sensitized-like” 
microstructure immediately beneath the 
oxide that is prone to sea water attack.  
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IV. DISCUSSION 

The system chosen for this study, 304 stainless steel, is
prone to pitting and crevice corrosion, as well as metastable
pitting. Metastable pitting (small, transient pitting events
which repassivate and occur below the pitting potential) is
possible in this alloy, particularly at the high salt concentra-
tions. However, the manner in which the test was run seems
to suggest that the observed current transients are indeed due
to film fracture and not metastable pits. By polarizing the
sample prior to the application of the tensile load and moni-
toring the current with an oscilloscope during that time, it is
possible to set the trigger level for capturing current tran-
sients to a level higher than that observed with no applied
load. While it is not possible to completely exclude the pos-
sibility that all the current transients are related to metastable
pits, the fact that they only occur during loading (and not
during the period of time prior to the applied load) would
imply that they are, indeed, linked to mechanical film
fracture and not the coincidental event of a metastable pit
formation and repassivation. 

Modeling the passive film as an elastic membrane on a
ductile substrate under a spherical contact,[17] the applied
load can be related to the tensile stress in the membrane by 

σr = 0.357 E f
δ2

c2
+ 2.198 E f

δh f

c2 [2]

where δ is the displacement at the beginning of the excur-
sion, Ef is the elastic modulus of the film, hf is the film thick-
ness, and c is the plastic-zone size in the underlying metal,
which can be related to the applied load by 

c =
√

3 Ps

2 πσ f
[3]

where Ps is the load carried by the substrate and σf is the flow
stress of the substrate. The behavior of the film and substrate
in this model is shown schematically in Figure 8. As δ is
related to Ps to approximately the 1.5 power, in general, the
applied radial stress increases as the applied load increases
(for small hf values). Increasing the film thickness also
increases the load carried by the bending and stretching of
the film, decreasing Ps. In summary, as the applied load is

increased, the applied tensile stress tends to also increase
when the indenter penetrates depths greater than approxi-
mately 4 times the film thickness. At very shallow depths,
where the displacement is not significantly greater than the
film thickness (i.e., 2 nm), it may not be appropriate to uti-
lize this model.[17] However, for the conditions of this study,
where all indentation excursions appear to occur at depths
greater than the film thickness (Figure 5(b)), Figure 7 can be
thought to indicate that the stress for film fractures decreases
as the salt concentration is increased, while the film fracture
stress increases as the applied potential increases. The nor-
malization procedure is carried out to separate the effects of
solution, which, of course, implies that there will not be a
synergistic effect between the orientation and the solution
chemistry. Future work will need to utilize orientation imaging
microscopy to isolate the effects of orientation.

Given the very thin nature of the passive film (2 to
3 nm[24,25]), the stress in the film is rather difficult to quan-
tify, since neither the elastic modulus of the film nor the
exact film thickness is known. However, if the film thickness
is conservatively approximated as 5 nm, the elastic modulus
of the film as 300 GPa, the flow stress of the 304 SS stainless
steel as 400 MPa (based on the hardness of the alloy from
bulk indentation tests), and the load carried by the substrate
is given by approximately 0.75 times the total load,[17] then
by using the polarized load–depth curve shown in Figure 4,
the radial stress at film fracture is approximately 1600 MPa. 

Two significant observations can be made from the bulk
and nanoscale tests. First, the strength of the passive films
increases with increasing potential within the passive re-
gion. The film will thicken slightly with applied potential,
which would cause a change in the hardness of the sample;
however, studies of iron in borate buffer show that a 50 pct
increase in the film thickness (from 3 to 4.5 nm) increases
the hardness by 20 pct (from 2 to 2.4 GPa).[20] In the current
study, the load at fracture and the stress intensity at fracture
change by factors of 20 and 50 pct, respectively, for similar
potential changes, similar to the change of the hardness
reported by other authors.[20] However, in the case of tita-
nium,[26] film-thickness increases of less than 10 nm did not
measurably increase the film fracture stress. Based on the
similarity in the hardness and mechanical behavior of this
stainless steel with previous iron single-crystal experiments,
it would appear that for stainless steel, changes in film
thickness in the 2 to 3 nm regime are likely responsible for
increases of 20 to 50 pct in the fracture strength of the
passive film.

The effect of adding halide ions to the solution, however,
causes much greater than 20 to 50 pct changes in film
strength. For all potentials, a change in halide concentration
from 0.01 to 1 pct resulted in an 80 pct decrease in film
strength. It would be unlikely that thinning the film would be
able to decrease the film thickness enough to cause a de-
crease in strength of that amount. A portion of the decrease in
film strength with increasing halide concentration may be re-
lated to film thinning, but the remainder would have to be
caused by some local interaction of the film and halide ions.
A mechanism for the additional reduction in strength is that
the chloride ions could be adsorbed onto the passive film
(possibly as clusters, as suggested by other researchers[27]).
In this case, the adsorbed ions could generate vacancies
or even cause a local region of film thinning, which could act
to lower the applied stress required for film fracture. A
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Fig. 8—Schematic of deformation profile during nanoindentation of a hard
film/soft substrate system.
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Load 
Single through-
thickness crack 

Figure 6: Circumferential 
cracks at contact radius 
correspond to load-depth 
excursions at higher loads 
(left), while inner, nested 
c r a c k s i n h i g h - l o a d 
indents correlate with 
excursions at low loads 
(right). Schematics are 
shown in insets (middle). 

Figure 4: FIB cross-section (left) used to measure 
oxide thickness reveals interfacial delamination; top-
down SEM (right) shows pervasive surface cracks 
formed to relieve residual film stress post-processing. 

Figure 9: Loading regime used for 
conducting indentation, showing applied 
potential and resulting load-depth record.  
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