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The aluminized layer of 321 stainless steel was treated by laser shock processing (LSP). The effects of constituent distribution and
microstructure change of the aluminized layer in 321 stainless steel on creep performance at high temperature were investigated.
SEM and EDS results reveal that aluminized coating is mainly composed of an Al2O3 outer layer, the transition layer of
the Fe-Al phase, and the diffusion layer. Additionally, LSP conducted on coating surface not only improves the density of the
layer structure, resulting in an increment on the bonding strength of both infiltration layer and substrate, but also leaves higher
residual compressive stress in the aluminized layer which improves its creep life effectively. Experimental results indicate that
the microhardness of the laser-shocked region is improved strongly by the refined grains and the reconstruction of
microstructures. Meanwhile, the roughness and microhardness of aluminized steel are found to increase with the laser impact
times. On the other hand, the intermetallic layers, whose microstructure is stable enough to inhibit crack initiation, reinforce
strength greatly. The anticreep life of aluminized sample with three times LSP was increased by 232.1% as compared to
aluminized steel, which could attribute to the increased dislocation density in the peened sample as well as the decrease of creep
voids in size and density.

1. Introduction

To meet increasing global energy demand in an environmen-
tally sustainable manner, greater emphasis is being given to
the development and dissemination of renewable energy
technologies. Solar energy is an important renewable energy
source that is expected to play a significant role in the future
energy supply mix. Concentrated solar power (CSP) technol-
ogy is an important option for acquiring solar energy which
draws increasing attention during past several decades
[1, 2]. It is internationally believed that for every 1 percentage
point increase in the annual average power generation
efficiency of solar thermal power generation systems, the

average power generation cost will be reduced by 5% to 8%.
Therefore, it is vitally significant to improve the power gener-
ation efficiency, reduce the cost, and increase service life of
the solar thermal power generation system. However, as the
key component of CSP, the heat exchange tube should be
paid more attention [3–6].

Austenitic stainless steels (ASS) are commonly character-
ized by favorable ductility and excellent corrosion resistance
[7–9]. AISI321, an austenitic stainless steel stabilized with
titanium, is a promising material for load-bearing applica-
tions in solar thermal power generation, nuclear power reac-
tors, boilers, pressure vessels, expansion bellows, and stack
liners [10, 11]. The heat exchange pipes made of AISI321
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are prone to have creep damage under long-term high-
temperature conditions, coupled with the combined effects
of corrosive media and pressure within the pipe, to further
accelerate pipeline failure and bursting.

Aluminizing can significantly improve the resistance of
stainless steel to high-temperature oxidation, friction, and
corrosive medium like atmosphere, hydrogen sulfide, seawa-
ter, and liquid metals [12, 13]. Different techniques as chem-
ical vapor deposition (CVD), hot dip aluminizing [14], pack
aluminizing [15, 16], electrolytic deposition of Al from ionic
liquids [17], and Ar-plasma deposition are applied for depos-
iting Al on the surface of the steel. Among them, the powder
pack aluminizing technique is widely used due to its advan-
tages of producing a uniform dense layer on different shapes
and sizes of specimens. Ref. [18–21] analyzed the phase com-
position of the aluminized layer and found the 321 stainless
steel with a thicker layer showed a better resistance of oxida-
tion and corrosion. On the other hand, the coating formed
with the normal method of application is relatively porous
with a multitude of defects and impurities. In particular,
the Al2O3 film or Fe-Al phase may crack, promoting micro-
crack propagation at a high temperature and stress, which
causes the aluminized steel exhibiting a decrease in the creep
life in high temperature. Moreover, the creep behavior of alu-
minized steel exhibits a higher creep rate and shorter creep
rupture life than those of uncoated specimens [22, 23]. Ref.
[24] also pointed out that brittle coatings with poor bearing
properties were detrimental to the creep properties of the
aluminized steel.

Laser shock peening (LSP) is an advanced surface
enhancement method for metallic materials to enhance the
resistance of creep, fatigue, and corrosion, which can delay
the crack nucleation and expansion [25, 26]. In the LSP pro-
cess, high-amplitude shock waves are generated through
rapid expansion of high-temperature plasma induced by the
contact between high-power density laser pulse and the
material surface. While the shock wave propagates into the
material, plastic deformation occurs to a depth where the
stress no longer exceeds the elastic limit of the material,
which induces residual stresses throughout the affected depth
[27, 28]. Yella et al. reported that using an absorbent tape as a
sacrificial layer was a good way to perform LSP on the stain-
less steel and it did not cause surface damage [29]. Vázquez
Jiménez et al. pointed out that the best LSP path for extend-
ing the high-cycle fatigue life was perpendicular to the rolling
direction [30]. Lu et al. found that the treated sample dis-
played better tensile properties such as stronger flow stress
and higher ultimate tensile strength with an increasing LSP
impact time [31]. To improve the creep resistance and
anti-corrosion performance simultaneously, technology of
aluminizing with LSP has been already investigated partially.
Lai demonstrated that the fatigue life of material with alumi-
nizing and LSP was increased visibly [32]. Ref. [33–36] also

testified that the mechanical property of the aluminized steel
was greatly improved by LSP.

In view of the above considerations, many researches
mainly focused on the anticorrosion capability, LSP parame-
ters, and the influence on fatigue behaviors. Nevertheless, the
studies about high-temperature creep properties of the stain-
less steel with aluminizing and LSP is rarely reported. There-
fore, in order to ensure the stable operation of stainless steel
heat exchanger under actual working conditions, the effect of
surface modification processes, aluminizing with LSP, on the
microstructure and high-temperature creep properties of 321
stainless steel was investigated in this paper.

2. Materials and Methods

2.1. 321 Stainless Steel. The austenitic steel AISI 321 was
procured commercially for this investigation. The result of
elemental composition analysis is presented in Table 1.

2.2. Powder Pack Aluminizing. The pack powder mixture
consisted of 68wt% Fe-Al powder, 30wt% Al2O3 filler, and
2wt% NH4Cl activator. The samples were ground to #2000
grit-sized SiC paper finish and cleaned thoroughly before
placing inside the pack, and then, samples were kept inside
the pack in an alumina crucible, which was subsequently cov-
ered with a lid. Pack aluminizing experiments were carried
out in a KSL-1400X box-type sintering furnace, and samples
cooled to room temperature after being heated at 950°C for
12 h. The cross-sectional image of the coating layer is shown
in Figure 1. The EDS and SEM results indicate that alumi-
nized coating is mainly composed of an Al2O3 outer layer,
the transition layer of the Fe-Al phase (such as Fe3Al, FeAl,
FeAl2, and a small amount of AlN), and the diffusion layer
with the AlFe(Ni) phase and AlCrFe phase. In the case of
aluminizing processes, there was a formation of surface
layers of a new composition and structure. The formation
of such a local transition zone in the form of individual areas
or intermetallic compounds directly in aluminizing led to the
fact that high-stress microcracks appear in this area and sig-
nificant local overstresses cause loss of strength of the solid
coating system in thermal deformation action on it.

2.3. LSP Treatment. The LSP was performed with the
LAMBER-08 pulsed laser which is operating at a 1064 nm
wavelength and delivering 7 J pulse energy in 20 ns, with a
2Hz repetition rate. The diameter of laser spot is 3mm, the
overlapping rate is 50%, and the laser power density is about
4.95GW/cm2. In order to protect the surface of the metal
material from direct laser burning and couple with the laser
energy better, the black adhesive tape is selected as the impact
protection layer. The constraining layer is water, to constrain
the high-temperature plasma generated by the laser irradia-
tion and increase the shock wave pressure [37].

Table 1: Chemical composition of 321 austenitic stainless steel.

Element C Si Mn P S Cr Ni N Ti

(wt.%) 0.035 0.38 1.08 0.028 0.003 17.02 9.06 0.045 0.22
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2.4. Surface Roughness andMicrohardness.A JB-4C precision
roughness tester with a 0.8mm sampling length and a
2mm/s sensor movement speed was used to measure the
surface roughness. 3D surface profiles of samples were
observed by the VHX-1000 super-deep 3D microscopic sys-
tem. The microhardness was tested with a 410MVA Vickers
microhardness tester using a load of 300 g and a hold time
of 15 s.

2.5. High-Temperature Creep Experiment. Samples treated by
different processes, such as aluminizing, aluminizing with
single LSP impact, and aluminizing with LSP impacts for
three times, were subjected to high-temperature tensile creep
tests on a WDML slow tensile tester at the temperature of
620°C and the stress load range of 180-240MPa. Creep
tensile specimens with a gauge length of 24mm and 4mm
thickness were made.

2.6. XRD and Microstructure. The surface phases of the
aluminized steel with different times of LSP impact were ana-
lyzed by a TD3000 X-ray diffractometer (XRD). The Quanta
2000 environment scanning electron microscope (SEM) and
the attached energy dispersive spectrometer (EDS) were used
to examine the creep fracture.

3. Results and Discussion

3.1. Surface Roughness andMicrohardness. Surface roughness
plays a dominant role in affecting the creep performance and
reflecting the collection characteristics of the material sur-
face. Surface roughness is evaluated by three index, including
contour arithmetic mean deviation (Ra), contour maximum
height (Rz), and contour unit average width (Rms), where
Ra can simultaneously reflect the microscopic geometrical
features and the height of the convex peak [38]. If these rough
peaks are equivalently approximated as microgaps, the stress
concentration of the rough peaks can be calculated using the
notch stress formula [39]:

σ = 2k 1 + ln 1 +mð Þ½ �, ð1Þ

where k is the material constant and m is the ratio of Rz to
Rms. The larger the value of m is, the greater the stress con-
centration is. Table 2 presents the surface roughness of spec-
imens with different times of LSP impact. As can be seen, the
roughness of the aluminized sample is 0.952μm, and the
roughness increases rapidly with the increase of impacts’
times. The more the stress concentration is, the easier to gen-
erate microcracks, resulting in internal damage of the mate-
rial. Nevertheless, the roughness is related to the laser
absorption, namely, the overly smooth metal surface is not
conducive to the absorption of laser [40].

The optical photograph and 3D surface profile for differ-
ent conditions are shown in Figure 2. It can be seen from
Figures 2(a) and 2(d) that the surface of aluminized samples
is smooth and flat with regular dimples, and the average pit
depth is 7.174μm. The morphology of the aluminized sample
with single LSP impact (Figures 2(b) and 2(e)) displays the
existence of obvious pits and steps, whose shapes are square
or circle. The shape of the pits depends on the contact pres-
sure between the protective layer and the sample [41]. The
average pit depth is 10.813μm with an increase of 50.7%
and the deformation amount is 3.639μm. The morphology
of the sample after three impacts is shown in Figures 2(c)
and 2(f). The plastic deformation was aggravated by the
plastic loading wave. The depth of the pit is 20.718μm with
an increase of 188.8%, and the deformation amount is
13.544μm. As the LSP time increases, the roughness and
the degree of plastic deformation are alleviated, which attri-
butes to the generation of surface pits predominately.
Figure 2(g) is the pulse sequence applied to treat the speci-
mens. It consists of firing pulses in a zigzag-type scanning
pattern, covering a total area of 24 × 8mm in the central zone
of the specimens. A laser impact region with a diameter of
1mm and a depth of 21.5μm can be observed on the alumi-
nized samples after three LSP impacts, and the plastic defor-
mation is one of the important indexes for evaluating the
enhancement effect of LSP.

Figure 3 presents the microhardness of aluminized
samples before and after LSP. The microhardness of the alu-
minized sample gradually increases with increasing distance
from the penetrating layer to the surface, which could be
imputed to intermetallic compounds formed in the penetrat-
ing layer mainly. In addition, the grain grows and the
material softening phenomenon occurred during the high-
temperature aluminizing process. Therefore, the hardness
was found to be lower when the depth of the layer was mea-
sured to 180μm. However, subjected to radial shock waves
released by LSP, the surface of the aluminized steel would

Pores

FeAlFe(Al)Stainless 
steel

AlN Al-oxide

50 𝜇m

Figure 1: SEM section morphology of the coating layer formed after
pack aluminizing at 950° C for 12 h.

Table 2: Surface roughness values of the aluminized steel with
different times of LSP impact.

Sample
Ra

(μm)
Rz

(μm)
Rms
(μm)

m
(μm)

Aluminizing 0.952 7.174 0.0645 111.2

Aluminizing+single impact 1.856 10.813 0.0930 116.3

Aluminizing+three impacts 3.347 20.718 0.1667 124.3
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Figure 2: Continued.
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generate severe plastic deformation, advancing the surface
hardness of materials significantly. It is well known that plas-
tic deformation will cause work-hardening effect and grain

refinement, thus increases the hardness of the work piece.
Similar conclusions have been drawn from Ref. [42, 43]. As
the number of impacts increases, the surface microhardness
increases from 395HV of the nonimpacted sample to
625HV and 718.4HV. Figure 4 is the XRD pattern of
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Figure 2: Optical photograph and corresponding 3D surface profile: (a) optical photograph of aluminized steel; (b) optical photograph of
aluminized steel with single LSP impact; (c) optical photograph of aluminized steel with three LSP impacts; (d) 3D surface profile of
aluminized steel; (e) 3D surface profile of aluminized steel with single LSP impact; (f) 3D surface profile of aluminized steel with three
LSP impacts; and (g) scanning pattern and the enlarged 3D profile of the aluminizing with three LSP impacts sample.
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aluminized samples before and after LSP. There are mainly
three phases, FeAl, FeAl2, and Fe3Al, and none of the new
phase is observed after LSP. The position of the crystal
surface is hardly changed, while the intensity of the dif-
fraction peak is obviously reduced, and the full-width half
maxima (FWHM) become larger. It illustrates that surface
grains were refined after LSP, and the grain refinement
phenomenon of three-time impact samples was more
obvious than single-impact samples, which is consistent
with the conclusion of the previous hardness enhancement
mechanism.

3.2. Creep Curves. Figure 5 shows the high-temperature creep
curves and creep rate curves of the aluminized steels with dif-
ferent times of LSP impact under a series of loading stress. It
is observed that all the specimens have similar curve shapes
to characterize three stages of typical creep behaviors,
namely, the deceleration creep stage, stationary creep stage,
and accelerated creep stage. The first stage of creep is shorter
while the second stage of creep turns longer. As shown in
Figures 5(a) and 5(d), aluminized samples enter the station-
ary creep stage within 10 h. With the increase of loading
stress, the time for samples to enter the steady-state phase
is shortened and the creep rate and creep strain increases.
When the applied stress reaches 210MPa, the steady-state
creep rate of the aluminized sample rises from 1:05719 ×
10−7 to 1:482204 × 10−6 and the creep rupture time degrades
from 206h to 28h, indicating that the creep resistance of the
material was remarkably affected by the stress. The creep
curves of aluminized samples with single (Figures 5(b) and
5(e)) and three times (Figures 5(c) and 5(f)) LSP are similar,
which implies that the three states of materials were remark-
ably affected by the external loads. Figure 6 represents the
relationship between the applied stress and creep rupture
time of the austenitic stainless steel treated with different
surface modification processes and all results show that
the creep rupture time is inversely correlated to the stress
at the creep experimental temperature. At the same time,
we found that the steady-state creep rate decreases and
creep rupture time extends with the increase of impact
times. The steady-state creep rate of specimens with single
and three times decreases by an order of magnitude, and
their creep rupture lives are increased by 42.8% and
232.1%, respectively, when the applied stress is 210MPa,
which clearly demonstrates that the high-temperature creep
resistance of aluminized samples is significantly improved
by LSP technology.

In the stationary stage, the effective dislocation density
remains unchanged to keep a balance between the material
recovering and hardening due to the constant external stress
and high-temperature environment. Consequently, the sta-
tionary creep rate with the smallest value and the simplest
deformation mechanism is the key parameter to reflect the
creep behavior of the material. Figure 7 displays that the
applied stress is positively relevant to the minimum creep
rate of the steady-state creep region. The minimum creep
rate and applied stress are well-known to be related by a
power law as presented in

_ε = Axσ
n exp −

Qc

RT

� �
, ð2Þ

where _ε is the stationary creep strain rate, Ax is a complex
constant correlated to the material structure, σ is the applied
stress, n is the creep stress index,Qc is the creep apparent acti-
vation energy, R is the molar gas constant (R = 8:314 KJ/mol),
and T is the absolute temperature. Equation (2) on both sides
conducts the logarithmic processing to obtain Equation (3).
When the creep temperature T is constant, lnε and lnσ have
the linear relationship of slope n (Equation (4)) as follows:

ln _ε = ln Ax + n ln σ −
Qc

RT
, ð3Þ

n =
∂ ln _ε

∂ ln σ

� �
T

: ð4Þ

Figure 8 exhibits the logarithmic relationship between the
steady-state creep rate and the applied stress. It can be con-
cluded that the n values of aluminizing and aluminizing com-
posite single and three-time LSP samples are 13.73, 19.71 and
23.13, respectively. The matrix alloy is 321 austenite stainless
steel, and the values 3 and 5 of stress exponent stand for two
important creep types of solid solution.When n ≤ 3, the stress
exponent has a typical value of 3, this signifies that the creep
behavior is very different from that of a pure metal, which is
called the first class of alloy-type creep; when n = 4 − 7, its
typical value is 5, which indicates that the creep behavior is
similar to that of pure metals, which is called the second pure
metal creep; when n ≥ 8, the steady-state creep behavior can
no longer be described by power-law equations [44]. Ref.
[45] points out that if a metallic had a larger apparent stress
exponent, the metal may have a higher creep stress thresh-
old, which can predicate that the aluminizing composite
LSP material has a higher creep stress threshold and better
creep resistance.

3.3. Fracture Morphology. The creep macroscopic fracture
appears the necking phenomenon while the crack-like plastic
deformation occurred near the typical ductile fracture. The
fracture existence of clear cross-section grains with strong
sense of third dimension testifies that it belongs to intergran-
ular fracture. The area shrinkage of impacted specimens is
higher than that of nonimpacted specimens, implying that
the impacted specimens have a better plasticity. It can be seen
from Figure 1 that there are some defects on the coating
layer, such as coarse second-phase particles (AlN) and pores.
During the high-temperature creep process, the abundant
intracrystal cross slips glided to the pore position or grain
boundary lattice defects caused by the residual tensile stress,
resulting in plenty of micropores. These micropores contin-
ued to converge into cracks which caused the expansion
and separation of grain boundaries under the tensile stress.
According to the SEM morphology of fracture surfaces and
the EDS analysis of Figure 9, it can be distinguished that
the fracture surface of aluminized steels can be roughly
divided into three layers: the outer layer (FeAl), the transition
layer (mainly composed of FeAl2 and Fe3Al), and the
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Figure 5: Creep curves and creep rate curves of specimens under different loading stresses: (a) creep curve of aluminized specimen; (b) creep
curve of aluminized specimen with single LSP impact; (c) creep curve of aluminized specimen with three LSP impacts; (d) creep rate curve of
aluminized specimen; (e) creep rate curve of aluminized specimen with single LSP impact; and (f) creep rate curve of aluminized specimen
with three LSP impacts.
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austenitic stainless-steel matrix layer. The second phase
generated from aluminizing had a large separation tendency
from the matrix, which is easily affected by high-temperature
environment and the tensile stress. Then, the tendency led to
the generation of macropores and eventually fracture. On the
one hand, grains of the aluminized layer were refined by the
LSP treatment (Figure 9(b)). The rough second phase was
evenly distributed on the substrate and the pores’ size was
narrowed, so that microcracks were difficult to generate. In
addition, the laser shock-induced residual compressive stress
prevents further creep slips and the separation between crys-
tals. On the other hand, under the impact of high-power
lasers, strenuous plastic deformation (Figure 9(c)) accelerates
the generation of crystal substructures, changes the direction
of grains, and increases the dislocation density. High-density
dislocations undergo disorder and discretional slips in all

directions at high temperatures to annihilate dislocations
with particularly slip orientations. This kind of interaction
consumes most time and heat to extend the anticreep life of
samples [46]. At the same time, high-density dislocations
induce significant differences in orientation amongst grain
boundaries, resulting in higher internal stresses impeding
dislocations, suppressing grain boundary slippage, and delay-
ing the growth of grains to effectively retard crack initiation
[47]. The advance in impact times brings out more obvious
grain refinement and plastic deformation; therefore, the
creep life of the laser-shocked sample with multiple impacts
is vitally improved.

The mechanism of creep damage is the exfoliation, for-
mation, and development of voids followed by the occur-
rence of failure, which attributes to the plastic deformation
incompatibility between intragranular inclusions or second
phases and matrix radically. The voids are circular or polyg-
onal, dispersing at the intersection of three grain boundaries
or on the grain boundary mainly, where the austenite stain-
less steel voids preferentially nucleate on the inclined grain
boundary [48]. Through connected to one another, some
hollows turn into a chain eventually, indicating that the voids
formed independently intersect with their growth mutually.
In particular, as nucleation centers, inclusion particles are
contained in some voids. As can be seen from Figures 10(a)
and 10(b), dimples and intergranular cracks are visible in
the propagation region. Besides, there are several fracture
edges’ dimple accumulation, secondary cracks, and parallel
stripe structures around. After initiating along grain bound-
aries, the cracks stretch rapidly and converge into larger
cracks during the creep process, leading to the separation
among grains. Although creep fractures occur at the grain
boundaries predominantly, the creep rupture is influenced
by the state, structure, and precipitates of the grain boundary
seriously. As described in Figures 10(c) and 10(e), the dim-
ples as well as voids are degraded in size and density with
increasing times of LSP impact. Meanwhile, neither rough
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Figure 6: Creep rupture strength of 321 stainless steel treated with
different surface modification processes examined at 620° C.
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Figure 7: Stress dependence of minimum creep rates for aluminized
specimens at different surface modification processes.
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second-phase particles nor inclusions are observed at magni-
fication (Figures 10(d) and 10(f)). The phenomenon that the
fracture toughness of the aluminized steel increases with LSP

impacts could be attributed to the rough second-phase parti-
cles (or inclusions) with low plasticity, which cannot code-
form with the matrix at the same time, resulting in stress
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Figure 9: SEM morphology and EDS analysis of fracture surfaces: (a) aluminized steel; (b) aluminized steel with single LSP impact; (c)
aluminized steel with three LSP impacts; (d) EDS spectrums of point i in (a); (e) EDS spectrums of point ii in (a); (f) EDS spectrums of
point iii in (c).
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concentrations around particles to cause breakage. Neverthe-
less, the grain size of the second-phase particles (or inclusions)
in aluminized samples with LSP impacts is significantly
refined, and the degree of stress concentration is reduced to
enhance the creep resistance. In addition, the austenite stain-
less steel is subjected to soften during the high-temperature

aluminizing process, leading to grain coarsening and plastic-
ity deterioration. But grain refinement increased plasticity
after LSP, the plasticity of materials is closely related to creep
behaviors. Therefore, the impact of laser on the grain refine-
ment of the aluminized steel is the microscopic reason for
the improvement in creep performance.

(a) (b)

ii

(c) (d)

iii

(e) (f)

Figure 10: SEM fracture micrographs of the aluminized steel with different impact times of LSP under the stress of 210MPa: (a) aluminized
steel; (b) aluminized steel with single LSP impact; (c) aluminized steel with three LSP impacts; (d) magnification of area i; (e) magnification of
area ii; and (f) magnification of area iii.
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4. Conclusion

In this study, the effect of laser shock processing and alumi-
nizing on microstructure and high-temperature creep prop-
erties of the 321 stainless steel were investigated. The main
conclusions are described as follows:

(1) A tightly bounded dense iron-aluminum coating
was obtained on the surface of the 321 austenitic
stainless steel by powder-embedded aluminizing.
The roughness, surface plastic deformation, and
surface microhardness of the aluminized specimens
were significantly increased after LSP treatment,
and the strengthening effect of aluminizing speci-
mens with LSP three times is most obvious

(2) Specimens with different impact times of LSP have
similar curve shapes to characterize the three stages
of typical creep behaviors. The steady-state creep rate
decreased and creep rupture time extended with the
increase of impact times, which clearly demonstrates
that the high-temperature creep resistance of alumi-
nized samples is significantly improved by LSP tech-
nology. The n values of aluminizing and aluminizing
composite single and three times LSP samples are
13.73, 19.71, and 23.13 respectively

(3) The dimple size, void size, and density of impacted
samples became smaller than those of nonimpacted
samples. As the number of LSP increases, the disloca-
tion density and the plasticity of material increase
because of the more obvious grain refinement and
plastic deformation on the surface, which compre-
hensively improves the creep performance of the
aluminized steel
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