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ABSTRACT: This study investigates the phase transformations that can occur in an austenitic stainless steel (AISI
316) by demonstrating the appearance of d-ferrite that is obtained in the initial heating cycles using Concentrated
Solar Irradiation (CSI) at magnitudes needed to obtain the operational temperatures of central tower systems. Four
AISI 316 stainless steel specimens cut from one single initial piece, were exposed to CSI in the Horno Solar de Alto
Flujo Radiativo at the Universidad Nacional Autéonoma de México to perform the thermal cycles. AISI 316 stain-
less steel is fully austenitic and is selected because it is reportedly one of the cheaper material used in CSI receivers.
Monotonic tensile strength tests were performed, and it is assumed that there is no relevant effect on the mechanical
behavior for the reported experiment. Phase transformations were characterized using optical microscopy, X-ray
diffraction and by scanning electron microscopy analysis with an energy-dispersive X-ray spectroscopy. The appear-
ance of d-ferrite phase was the principal difference between CSI treated specimens, a non-treated specimen and one
specimen heated by conventional method. Concentrated UV irradiation from the solar spectrum on Earth surface
demonstrated to have the potential to obtain the phase transformation at a temperature near 630 °C.
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RESUMEN: Efectos de la irradiacion solar concentrada en las transformaciones alotropicas del acero inoxidable
AISI 316. Se investiga la transformacion de fases que pueden ocurrir en un acero austenitico (AISI 316) mediante
la demostracion de la aparicion de ferrita-d que se obtiene en ciclos iniciales de calentamiento usando irradiacion
solar concentrada (ISC) a magnitudes necesitadas para obtener temperaturas de operacion de sistemas de tipo
torre central. Cuatro especimenes de acero inoxidable AISI 316 cortados de una misma pieza, fueron expuestos
a ISC en el Horno Solar de Alto Flujo Radiativo de la Universidad Nacional Auténoma de México para
desarrollar el ciclado térmico. El acero AISI 316 fue seleccionado por ser reportado entre los materiales mas
baratos usado en receptores de ISC. Pruebas de resistencia a la tension monotdnica demostraron que no existe
un efecto relevante del ciclado térmico en las propiedades mecanicas resultantes. Las transformaciones de fase
fueron caracterizadas usando microscopia optica, difraccion de rayos X, y microscopia electronica de barrido
con espectroscopia de dispersién de energia de rayos X. La aparicion de la fase de ferrita-6 fue la principal
diferencia entre los especimenes tratados con ISC y dos especimenes de referencia. La fraccion UV de la ISC
demostro tener el potencial de lograr estas transformaciones de fase a una temperatura cercana a los 630 °C.
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1. INTRODUCTION

There have been several advances in the devel-
opment of technologies oriented towards using
CSI as an energy source because it is a free source
of energy. However, with these advances, there are
also new challenges to improve the operational life-
time of the devices and installations to compete
with conventional technologies and reduce the pol-
lution problems that are linked to the use of fossil
fuels. Therefore, for CSI technologies, the absorber
materials must withstand the demanding condi-
tions of the normal operation of the systems, which
are associated with the damage in metallic alloys,
intermittence of the energy resource and combined
phenomena at high temperatures, such as corrosion
and an uneven CSI distribution across the absorber.
Moreover, the challenge to lower the installation
and maintenance costs remains.

These efforts attempt to answer the questions
regarding the useful lifetime of a material when it
is exposed to CSI in the cyclic critical conditions of
high temperatures, as observed in the investigations
of Rojas-Morin and Fernandez-Reche (2011), such
as the magnitude of the concentrated solar fluxes,
the thermal and mechanical stresses that develop
during operation and the degradation of mechani-
cal properties.

The challenges involve maintaining the operation
of solar energy concentration systems with a higher
efficiency and longer operation lifetime and over-
coming the problems related to the CSI, i.e., corro-
sion and intermittence of the resource.

As widely discussed by Augsburger and Favrat
(2013), additional factors, such as the permanent
degradation of materials in solar central tower
receivers and the appearance of clouds, which
enables the occurrence of thermal cycles, con-
tribute to the solar thermal fatigue phenomena.
Fatigue and thermal fatigue result in the appear-
ance of cracks due to cyclic thermal stresses, which
degrades the mechanical properties of the materi-
als, as determined by Klobcar et al. (2008), and can
cause failure of the elements, even at magnitudes of
stresses that are lower than the yield strength (Fine
and Chung, 1996).

The expected answers from investigating the
materials exposed to CSI will provide valuable infor-
mation to improve component design, allow the
higher possible temperature by receiving the highest
magnitude of heat flux, give guidance on managing
the operation of solar power towers, understand the
reasons for degradation and their effects on the per-
formance of the materials and provide an overview
for further investigations on the solar thermal trans-
formations in metallic materials. To determine the
effects on the materials and elements used in cen-
tral tower receivers, these experiments must repro-
duce both normal and extreme operating conditions

based on the geometry of the elements used in the
solar receivers for central towers and the combined
effects of high speed cycles, oxidation, and possible
transformations in metallic alloys that could lower
mechanical performance and corrosion resistance.
As demonstrated by Boubault ef al. (2012) and
Boubault et al. (2014), the radiative properties are
affected by aging, which is caused by the exposure
of the materials to continuous or cyclic CSI.

The objective of this study is to determine the
phase transformations in AISI 316 stainless steel
and evaluate the modifications in its mechanical
properties under tension with a traction test, associ-
ated to CSI. Prasad and Kumar (2013) used induc-
tion heating to study thermo-mechanical fatigue
and adjust the thermal gradients to normalized
data; however, this theoretical method does not
reproduce the conditions of the incident solar spec-
trum in CSI systems. Zhang et al. (2013) studied the
efficiency of an experimental receiver heated by an
electric Joule effect; however, it should be noted that
their study does not include the incidence of the CSI
spectrum or even the thermal gradients caused by
the flux distribution. Therefore, the materials will
not be affected by the components of the solar spec-
trum (the infrared, visible and UV components) as
when subjected to the CSI, which have proven ben-
efits including an allotropic transformation acti-
vation effect, as noted by Herranz and Rodriguez
(2010), and enables the design of materials based on
the absorptivity in the UV regime, but this would
presumably have a negative effect on the lifetime of
the materials of solar receivers providing sensitiv-
ity to mechanical loads and corrosion. Although
Rodriguez-Sanchez et al. (2014) demonstrated that
the thermal stresses are lower than the ultimate ten-
sile strength and will not fracture the components,
other negative implications may be present. Thus,
we observe a mechanism that we denote as solar
thermal degrading effects.

A performed analysis (Boubault et al, 2012)
of different factors that result in aging on Inconel
625 flat plates, which were covered with Pyromak
2500; however, it is also necessary to use the accu-
rate cylindrical geometry of the tubular pipes in the
receivers and provide an overview of the behavior of
the materials if Pyromak 2500 degrades to elimina-
tion. Boubault ez al. (2014) presented results on flat
plates, in which aging causes a reduced performance
of the thermal radiative, heat conductivity, and
mechanical properties; in particular, the reduction
in the heat conductivity properties results in higher
thermal gradients, responsible for the development
of higher stresses and mechanical fatigue.

In this study, several cylindrical and tubular
pieces (referred to, henceforth, as specimens) with
similar dimensions to those used in solar central
receivers were used to perform an aging and dam-
age experiment in the Horno Solar de Alto Flujo
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Radiativo (HoSIER) of the Universidad Nacional
Auténoma de México in the Instituto de Energias
Renovables. These experiments were performed
using AISI 316 stainless steel, which is one of the
materials used in the solar central receiver because
of its corrosion resistance at elevated temperatures
and its good mechanical resistance.

The thermal conditions of the cyclic experiments
were selected based on the high and low tempera-
tures of molten salt in the central solar receivers
of 565 °C and 285 °C, respectively; the conditions
were set at the back of the cylindrical tubular speci-
men to approach the molten salt heating conditions
and similar temperatures of receivers that operate
with gases, as reported in (Boerema et al., 2012;
Rodriguez-Sanchez et al., 2014).

The experiments determined that the first 35 to
90 solar thermal cycles with the hot and cold salt
temperatures, which are typically used for this type
of concentrating solar system, have no impact on the
mechanical properties of the tensile strength resis-
tance but result in a transformation of the metallic
matrix. These thermal cycles are caused not only by
cloud passages with a transient characteristic but
also by the normal operation of this type of power
plant during natural nighttime periods (Augsburger
and Fravat, 2013; Ho and Iverson, 2014).

Jianfeng et al. (2010) developed a model in which
the angular variation of absorptivity over the circu-
lar surface of a cylindrical pipe is considered. They
explained that different effects are inevitable because
the thermal gradients are caused by the angular influ-
ence; in addition, due to the optical configuration of
solar concentrated systems, the material elements
will be affected by both the section that receives
radiation and the section that does not receive radia-
tion. The results of Rodriguez-Sanchez et al. (2014)
agreed with this statement, and argue that the ther-
mal losses have to be also considered in the model.

A monotonic traction test was performed to deter-
mine a different behavior in mechanical properties

Faceted concentrator surface

Focal point at 3680 mm
from the concentrator
surface

Moving table

FIGURE 1.

in this sense; and a X-ray diffraction test were per-
formed to determine the transformations of the
metallic matrix. We found that the first thermal cycles
performed using CSI have a remarkable influence on
the transformation of the initial metallic phase of
AISI 316 SS, which occurs due to the UV spectrum.
Therefore, we determine a strong influence of the UV
radiation portion of the solar spectrum. We observe
that the UV component in the solar spectrum, unlike
the visible or infrared components, is able to gener-
ate a crystalline phase, which is identified as d-ferrite
and that the amount of the developed phase does
not increases yield and tensile strength significantly
shown in results.

Because it is not possible to study specimens over
the course of their extended service lifetimes, an
accelerated-cycle CSI experiment is proposed based
on the operation of the afore mentioned systems;
this experimental method is proposed to analyze the
phase transformations, as described by Boubault
et al. (2014) in tubular receivers with liquid or gas
heat transfer fluids and to improve the understand-
ing of the material transformation by allotropic
phenomena. Thus, the transformation of the stain-
less steel is confirmed when a crystalline phase,
which is strongly related to the fraction of the UV
component of the solar spectrum, is obtained.

2. MATERIALS AND METODS
2.1. Description of the facility

The HoSIER is a solar furnace located at the
Laboratorio Nacional de Sistemas de Concentracion
y Quimica Solar in the Universidad Nacional
Auténoma de México, and it is a horizontal axis
furnace with a focal point located 3.68 m from the
faceted concentrator mirror. This facility is best
described by Riveros-Rosas et al. (2010).

As shown in Fig. 1, the specimens were placed in
a specimen holder designed for the HoSIER, whose

Heliostat surface

Speimen holder. Places external surface of
specimens at 50 and 60 mm from the focal point

Attenuator

Schematic of the experimental facility, as illustrated by the authors.
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dimensions ensure that the specimens are irradi-
ated with a concentrated solar flux. This holder
was placed over the moving table and had inlet
and outlet holes for the cooling air flow; the
specimens were placed 50 mm and 60 mm behind
the focal point in the focal axis of the HoSIER.
Furthermore, the holder was designed to experi-
ence negligible strain during the thermal expansion
of the specimens.

2.2. Material selected for the experimental procedure

The material selected for the experimental proce-
dure is the stainless steel AISI 316 because it is used
in the receivers of central tower solar concentra-
tion systems. Other materials are used in this same
application, such as nickel alloys known as Inconel
or Incolloy; however, AISI 316 stainless steel is pro-
posed because of its lower price and easy to get,
compared with other materials. Stainless steels and
nickel alloys are used as the material elements of the
pipes and the structural elements in concentrated
solar energy receivers because of their chemical
resistance to corrosion and good mechanical behav-
ior. Corrosion resistance is a significant property
because the receiver is subjected to demanding con-
ditions. For example, temperatures that approach
630 °C cause an increase in the temperature of
the working heat transfer fluid, and these results
in chemical instability of the typically used fluids,
nitride salt and Hitec salt. Hence, the environmen-
tal, operative and high-temperature conditions
demand good mechanical and chemical properties
of the materials.

(a) (b) '] i l
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FIGURE 2. a) Specimen geometry with an external and
internal diameter of 12.7 mm and 9.5 mm respectively, and
a length of 550 mm; the locations of the thermocouples are
indicated by arrows, and b) Exposure of a specimen during the
warming stage of the thermal cycle.

Rodriguez-Sanchez et al (2014) and Ho and
Iverson (2014) have emphasized that the diameter
of the tube of the receiver must be controlled, as
it affects the heat transfer efficiency and pressure
losses. The determined geometry of the cylindrical
tubes should be close to an external and internal
diameter of 12.7 mm and 9.5 mm, respectively; to
provide an equilibrium between both aspects of heat
transfer efficiency and pressure losses. As indicated
in Fig. 2a, this is the selected geometry for the speci-
mens, with a length of 550 mm. The tubes are typi-
cally radiated by the concentrated solar flux from
the heliostat field.

The denomination of the austenitic stainless steel
AISI3161s ASTM A 313, and it has a nominal com-
position of Cr 16%-18%, Ni 10%-14%, and Mo
2%-3%. It is well known that the carbon content
is approximately 0.08%, and the remaining mass
percentage is composed of Fe. AISI 316 is a widely
used material for applications that require good heat
resistance and a larger corrosion resistance than that
of austenitic stainless steel AISI 304.

Sibin et al. (2015) reported an absorptivity of
solar radiation of 0.3835 for stainless steel and an
emissivity of 0.125, both of which are considered as
average values. These values are used to develop a
heat transfer model, prior to experimentation.

2.3. Thermal cycles obtained by the CSI

The specimens were radiated by exposure to a
concentrated heat flux from the faceted concentra-
tor in the HoSIER. The flux was used to achieve
the required temperatures, and the shape of this flux
was described in a previous study by the authors.

Two specimens were placed at each distance to
obtain a couple of specimens with each solar flux
distribution. Because the specimens are placed at
both distances, the concentrated solar flux for the
specimens located at 60 mm covers a larger length
but exhibits a lower power density. Thus, it is nec-
essary to open the attenuator between the fac-
eted concentrator and the heliostat to obtain the
required temperature for the specimens at a longer
distance from the focal point in a similar amount
of time. In a previous study by the authors, it was
demonstrated that the temperature profile in the
rear zone (considered as the zone with no direct
exposition to the concentrated solar flux) of the
specimens reaches the required temperature in the
time obtained by a simulation performed using
COMSOL MULTIPHYSICS® modeling software.
Additionally, because the radiative properties of
stainless steel, in the presence of oxides besides the
initial chromium oxide, are not known, the thermo-
radiative properties cannot be implemented in the
simulation, and it is not possible to determine the
amount of time in which the temperature approaches
the operational temperature of the receivers; thus,
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only the amount of time in which the temperature
profile reached a temperature of 200 °C or 250 °C
can be obtained. Furthermore, it is only possible to
confirm that the experiment approaches the temper-
ature of the pipes in the receiver because at higher
temperatures, the surface of the specimens contains
oxides beside the initial chromium oxide.

Once the specimens were placed at distances of
50 mm and 60 mm behind the focal point of the
HoSIER, air-flow was channeled through the interior
of the tubular cylindrical specimens at 8 m* hr™' (rep-
resenting a bulk velocity of 31.35 m s™') to maintain
the removal of heat energy from the specimen mate-
rial. The attenuator was automatically controlled with
a program developed by the authors in LabView® by
National Instruments ® to allow irradiation through
the concentrator of the HoSIER until the tempera-
ture of “hot salt” at 565 °C was recorded for the speci-
mens by any of the thermocouples. Subsequently, the
attenuator was closed to enable cooling by internal
forces and external natural convection to the tem-
perature of “cold salt” at 285 °C. These temperatures
were reported by Boerema et al. (2012) as the typical
operation temperatures for central tower solar con-
centration systems. Fig. 2b shows one of the speci-
mens during the warming up process.

2.4. Experimental procedure
There is a mobile table inside the HoSIER

that is controlled to adjust the specimen posi-
tion, and it can be moved during the experiment.

s
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FIGURE 3.

In the experiment, the specimens are located at
two fixed distances of 50 and 60 mm from the
focal point. Two programs were implemented to
ensure the accurate execution of the experiment.
One of the programs was written to open and close
the attenuator of the HoSIER. Once the maxi-
mum temperature of 565 °C in the specimens was
reached and the attenuator was opened at a per-
centage from 20% to 40%, the program detected
the temperature using a K-type thermocouple.
Then, the program was executed to close the atten-
uator until the lower temperature of 285 °C was
reached. Lastly, the program reopened the attenu-
ator to begin a new cycle. The thermal history of
each specimen for the first five cycles is illustrated
in fig. 3. Because each thermocouple was placed
at the rear section of the specimens, it is assumed
that this represented the thermal condition to
ensure that the heat transfer working fluid reached
the highest operation temperature after warming
up. Then the attenuator was closed, as if a dense
cloudy condition would happen until the fluid
reached the lower temperature slightly before the
salt inside the pipes froze.

In Fig. 3 (a-c) it is observed that the specimens
suddenly reach a higher temperature of 600 °C
and a lower temperature of 270 °C in the central
zone of the geometry (which is where the control
command of the attenuator is assigned). These
phenomena occur because of the combination of
physical conditions known as “thermal inertia”,
which occurs when the attenuator does not close
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First five thermal cycles for specimen A, B, C and D.
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or open immediately due to the operation of the
mechanical system, and the surrounding air causes
continuous cooling.

Table 1 presents the thermal aspects of the
behavior of each experiment for each specimen. As
observed here and similar to what typically occurs
in real systems, the time the experiment lasts cannot
be the same because, at that specific moment, there
could be a cloud passing, which reduced the irradia-
tion in Temixco, Morelos, México.

3. RESULTS AND DISCUSSION
3.1. Mechanical monotonic tensile test

It is reported that the mechanical integrity of the
elements in solar energy receivers must be consid-
ered because mechanical elements may suddenly fail
due to the degradation of the mechanical proper-
ties, which results from photo-thermal fatigue and
the oxidation and corrosion that lead to the eventual
chemical decomposition of the heat transfer fluid.

In this experiment, the chemical decomposi-
tion of a heat transfer fluid is avoided because the
irradiated specimens are cooled by air; however,
other degrading factors remain. Thus, the effect of
mechanical degradation in the first 40 to 90 cycles
on the geometry of the stainless steel should be
evaluated.

Because the magnitude of ultimate strength can
be affected —which would reveal if there is degrada-
tion in this mechanical property—, the mechanical
analysis for each specimen is reported and compared
with that for the specimen with no exposure to the
concentrated solar irradiation. The equipment used
to perform the evaluations was an Instron® uni-
versal machine, Mod. 1125, with a maximum load
capacity of 100 kN. The software used to register the
tension loads was Series IX 8.30.00 with an interface
Instron 5500®. Figure 4 depicts the mechanical
behavior in the monotonic tensile test.

The mechanical behavior in the monotonic ten-
sile test at a strain rate of 1.5 mm min™' for speci-
mens A, B, C, and D and the specimen with no
exposure to CSI, and there is no substantial change
in the mechanical properties to tensile test; thus, it
can be assumed that for the initial photo-thermal
cycles, the mechanical properties are not affected by
apparent changes.

Due to the distribution of the concentrated solar
energy and because it is affected by the slope error
and other optical influences, there is always a con-
centrated solar flux with a particular distribution of
the irradiance that reaches the receiver. Gradients
in the concentrated irradiance will result in gradi-
ents in the thermal field of the receiver, which will
lead to thermal stresses. The thermal fatigue is
caused by the cyclic appearance of thermal stresses,

TABLE 1. Thermal aspects of the behavior for each experiment. The maximum temperature is registered in the thermocouple
located at (0, —0.00635, 0.275), which can be observed in Fig. 2a.

Specimen Distance from focal point Total number of cycles Total experiment time (s) Max temp. (°C)

A 50 MM 91 6 000 603.72

B 50 MM 89 12 700 660.90

C 60 MM 38 3100 676.99

D 60 MM 67 6 500 583.51
1000

900

800

700
600

—— Non Treated with CSI

500

- Specimen A

400

----- Specimen B

True Stress (MPa)

300
200

e Specimen C

---- Specimen D

100

0

0 005 01

015 02 025 03 035 04 045 05

True Strain (mm / mm)

FIGURE 4. True stress-true strain curves for each specimen.
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and it is possible to assume that this thermal effects
performed by solar concentration will enhance the
degradation also by the incident solar spectrum;
however, this is negligible for at least the first 90
photo-thermal cycles regardless of the distribution
of concentrated solar heat flux and the overheating
of the specimen.

o-og t+ Ke" (1)

Table 2 lists the strain-hardening exponent n and
the strength coefficient K of the stainless steel for
each specimen. The value of ¢y is also provided,
which is necessary to “cut” data and determine
where the flow curve begins. The Ludwik equation
(Eq. 1) for each of the specimens indicates no sub-
stantial difference in their mechanical behavior, and
any slight difference between them may be consid-
ered as experimental error.

TABLE 2. Parameters of the Ludwik (Eq. 1) developed for
each of the specimens. 6, was found using the yield strength
criterion; thus, the Hollomon region was recognized and the
K and n coefficient and the exponent were obtained from
the “flow curve”, as specified by Dieter (2000).

Specimen Oy K (n)
Non treated 216.00 1927.35 0.4429
with CSI

A 212.92 1988.23 0.4535
B 234.46 1948.47 0.4403
C 213.03 1887.10 0.4508
D 253.37 1876.75 0.4205

Lastly, it is proven that there is no relevant modi-
fication to the tensile mechanical properties for the
photo-thermal cycles applied to the specimens.

3.2. SEM and EDXS analysis

For every specimen a scanning electron micros-
copy analysis (SEM) and an energy-dispersive X-ray
spectroscopy (EDS) were performed to explore the
composition, microstructure and phases present
in the AISI 316 SS specimens before and after the
experiment, using a Philips XL 20 scanning electron
microscope. The objective was to compare any vis-
ible phase transformation between the non-treated
specimen, the heated by conventional method and
every specimen that underwent cyclic CSI exposi-
tion. Figure 5 show the SEM images starting with
non-treatment specimen, the heated by conventional
method and specimens A, B, C, and D respectively.
This figures are also denoted by (a) and (b), for two
different magnifications (100 and 800 X respec-
tively). A punctual EDXS analysis was performed to
obtain the elements in the composition over visible
surface changes for every specimen. As no substan-
tial difference over the non-treated was observed, no
punctual EDXS analysis was performed. A black
mark on (b) images show the point where the punc-
tual EDXS was performed; this analysis revealed
a predominant content of Fe and Cr only for CSI
exposed specimens.

Figure 6 shows the atomic percentage of Cr, Fe,
O, Ni versus maximum temperature in thermal cycle
over the surface for every specimen. This figure was

FIGURE 5. SEM images of (AR) non-treatment AISI 316 SS specimen, (CHT) conventionally treated AISI 316 SS specimen,
(SA) specimen A, (SB) specimen B, (SC) specimen C, (SD) specimen D.
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FIGURE 6. Change in Atomic % of Cr, Fe, O, Ni versus
maximum temperature in thermal cycle.

elaborated based on EDXS analysis over the general
surface for every specimen.

It is evident the single phase shown by the non-
treatment specimen in Fig. 5 (AR). Fig. 6 (AR) then
shows the non-affected atomic percentage of ele-
ments in AISI 316 SS.

A surface change is shown over the surface in
the conventional method heated specimen in Figs.
5 (CHT (a-b)) revealing a oxygen content in the
punctual EDXS analysis, it is then concluded a
simple oxidation and Fig. 6 (CHT) confirms the
highest atomic percentage of oxygen. The CHT
was done also to have an approximated mean
temperature to make comparisons; this CHT
that lasted for 20 min at 630 °C was performed to
obtain a uniform temperature using an Lindberg
brand 1100 °C electric muffle furnace, and with a
lineal heating and cooling rate of 0.5 °C min~' and
—0.5 °C min”', respectively. The whole heat treat-
ment with performed with the electric muffle fur-
nace lasted for one hour.

Based on Fig. 6 for all specimens exposed to CSI,
a higher Fe content on the surface with respect to
the CHT specimen is noticeable; at the same time it
is also shown that at higher temperatures the speci-
mens are not likely to undergo further oxidation.

Since Cr and Ni superficial atomic percentage
do not change for the CSI-treated specimens or for
the CHT specimen, but the punctual EDXS analysis
reveals a higher Cr content and lower Ni in the dis-
persed visible phases for CSI exposed specimens, it
is possible to conclude the following. As Ni is used
to retain the austenite in 300 series stainless steels,
there is a phase change in the zones, where only Fe,
Cr, and some Mn is found. Thus, the CSI exposed
specimens experimented a phase transformation
characterized by zones with an enrichment of Cr,
and depleted Ni as it is described by Hsieh et al.
(2008). All these aspects provide the possibility of
O-ferrite in the dispersed phases.

3.3. X-ray diffraction technique

To reveal the presence of other phases in the
material, a comparison can be made between
the specimens exposed to CSI in the HoSIER,
the specimen with no treatment and the speci-
men that underwent conventional heat treatments.
The equipment used was a Rikagu® DMAX 2200
X-ray diffractometer with Cu,, radiation. All dif-
fraction angles were compared to the database
of the Joint Committee for Powder Diffraction
Standards (JCPDS) to identify the phases; JCPDS
330397-316 SS, JCPDS FeCr 340396, JCPDS
330664- Fe,0;.

With the X-ray diffraction technique, there
is an evident singularity present in each speci-
men treated by the CSI in Fig. 8 then compared to
Fig. 7: at an angle of 44.8° where the X-ray diffrac-
tion peak is observed for conventional AISI 316
stainless steel, a developed phase is present, which
is best identified by the software of the Rikagu®
DMAX 2200 X-ray diffractometer to contain Fe
and Cr (Yajiang et al., 2002); the developed phase
is also found to be present in other of these speci-
mens with a X-ray diffraction peak at 65.2°. The
developed &-ferrite phase in the original matrix of
AISI 316 SS is obtained in each exposed specimen
due to the photo-thermal cycles performed, and it
can be stated that the UV fraction in the CSI has
a noticeable influence in its formation. The speci-
men with no heat treatment and the specimen heat-
treated by conventional methods do not exhibit this
phase; even, Sokolov et al. (2009), found in their
calcination process at 500 °C that no new phases
could be obtained in the original phases for their
very similar austenitic alloy. Furthermore, it can
be concluded that compared with specimens B, C
and D, there is a secondary reflection peak as it is
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FIGURE 7. Diffractograms for specimens
AR and CHT of AISI 316.
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shown in the XRD pattern of Sacidi et al. (2015)
just at the right of the common austenitic reflec-
tion peak of AISI 316 SS (y-Fe), the formation of
the &-ferrite is obtained due to the CSI cycle experi-
ment. For specimen A, there is no secondary reflec-
tion peak, but the initial formation of a peak is
evident, that explains why in Fig. 6, there is the low-
est Fe content in the specimen surface, considering
all CSI exposed specimens. For specimens B and D,
the “second peak” of the d-ferrite phase is formed,
even, these specimens have a similar content of Fe
in the surface, and the characteristic peaks in Fig. 8
have also similar magnitude. Lastly, for specimen
C, the formation of the d-ferrite phase indicates a
quantity that is present in higher proportions com-
pared to the original phase and typical phases pres-
ent in AISI 316 SS (y-Fe); Fig. 6 show the highest
contentment of Fe in the surface if compared with
SA, SB, SD specimens. For each specimen, analy-
sis was performed with both a penetrating X ray
beam (20) and a beam at an angle of 0.5° (grazing
incidence), with a speed analysis of 2° per minute,
starting at 5° and ending at 78°; however, as the
same result was obtained for each specimen, only
the 26 results are presented. The only difference
between a grazing-incidence and penetrating beam
is that for the penetrating beam, the magnitude of
every peak is lower due to the absorptive properties
of the material in the X ray spectrum. Penetrating
beam analysis was performed as 2 theta/theta mode
starting at 5° and ending at 100°, also with a speed
analysis of 2° per minute. From the diffractogram
of the specimen without heat treatment depicted in
Fig. 7, there is a single peak at an angle of approxi-
mately 43.78°, which is identified by the software
as the typical composition of the crystalline struc-
ture of AISI 316 stainless steel (y-Fe), similar to the
remaining peaks observed. This first diffractogram
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FiGure 8. Diffractograms for specimens A, B, C
and D of AISI 316.

corresponds to the same section (portion of the
material) to which the treated specimens will be
compared. The second case shown in Fig. 7 cor-
responds to the diffractogram of the CHT. This
specimen was prepared to obtain a material with a
heat treatment identified as conventionally heated
at the same temperatures as those exposed in the
HoSIER when the component was overheated.
Furthermore, a single peak can be observed in the
AISI 316 SS as austenitic phase shown by Saeidi et
al. (2015); hence, it is confirmed that the tempera-
ture or the infrared radiation did not result in crys-
talline transformations stabilized at environment
temperature in the material.

The findings of Brooks et al (1991); Hsiech
et al. (2008) and Padilha er al. (2013) have shown
the formation of d-ferrite, particularly in various
processes of arc welding, laser welding and fusion
molding; linked to the phenomena of solidifica-
tion at generally high speeds, which cause the for-
mation of dendrites. In this research, although
fusion conditions are not reached, it is considered
that solar radiation can cause diffusion processes
of sufficient magnitude to generate the formation
of d-ferrite, as shown in the diffractograms of the
treated specimens, which does not occur with the
CHT specimen. It is shown in the ternary diagrams
of Bechtoldt and Vacher (1957) that in the tem-
perature up to 815.5 °C for Fe-Ni-Cr-Mo system,
O-ferrite is not a noticeable phase component of the
solid solution for AISI 316 stainless steel. Hence,
it can be stated that a possible explanation for the
appearance of &-ferrite is the action of solar irra-
diation and -in particular- of the UV component,
which is the component that is not presented in
conventional heating in the electric muftle furnace.
Furthermore, Vacher and Bechtoldt (1954) found
a tendency of their investigated steels to nucleate
d-ferrite in the existing 0 sites, and stated that the
formation of d-ferrite was continued by diffusion;
therefore, we suggest that new d-ferrite could be
initiated in the surface where the UV radiation has
incidence, but later continued by diffusion as found
in the following description. Other phenomena
with the characteristic enhancement, can be associ-
ated with the research of Herranz and Rodriguez
(2010), in which it is explained that the use of solar
radiation has allowed in various processes such as
nitriding with salts, sintering of metal powders, and
even in manufacturing ceramic components; pro-
cess times and temperatures significantly reduced
because of an observed phenomena denominated
photoactivation. This can also be explained by the
presence of this component of solar radiation. El
Nayal and Beech (1986) argue that d-ferrite can be
formed from solid solutions of high or low CrEg/
NiEq ratios, since the transformation of this phase
can be achieved depending on the cooling rate;
in the case of our research, different cooling and
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heating rates were obtained in the cycles of exposure
to the CSI; however Padilha et al. (2013) concludes
that the appearance of & phase is more influenced
by the composition of the solid solution than to the
cooling velocity. According to Schaeffler diagram
and the expressions presented by El Nayal and
Beech (1986), the calculated CrEq/NiEq is ~1.44,
which is considered a low ratio according to the
same authors, and there is an initial amount of 5%
o-ferrite.

For specimen A, there is a noticeable difference;
the initial formation of a new peak is observed to
the right side of the first austenitic peak. This new
formation, which is still not a new peak but repre-
sents the formation of a new peak, is identified as
O-ferrite. It corresponds to a developed phase with
crystalline characteristics, but it does not modify the
mechanical properties in the tensile test of the speci-
men as it is previously described.

For the diffractogram of specimen B, there is
formation of a “second peak” at the right side of
the austenite peak. For these peaks, the software
reports a “crystalline mineral”, which is a phase
identified as d-ferrite, with an orientation of Miller
index of (110); this indicates the formation of this
new crystalline phase in the matrix of the material.
A notable characteristic can be found by compar-
ing specimens A and B in Fig. 8: this developed
crystalline phase is formed, and it begins to grow.
For the untreated specimen and the specimen with
a conventional heat treatment, this peak is not pres-
ent. For the diffractogram of specimen C in Fig. 8,
the formation of the new crystalline phase reveals
a peak that is even greater in intensity than the
peak of the original austenitic phase in the AISI
316 SS (y-Fe). This characteristic indicates that the
UV portion of the solar spectrum leads to the gen-
eration of the developed é-ferrite phase. This devel-
oped phase is identified as to be composed of Fe
and Cr elements.

Lastly, for the diffractogram of specimen D in
Fig. 8, the formation of the secondary peak at the
right of the austenitic phase is observed. The for-
mation of the &-ferrite crystalline phase occurs for
each specimen with the cyclic CSI treatment; how-
ever, it does not occur for the specimen with the
conventional heat treatment at the temperatures
experimented.

3.4. OM analysis

This micrographs are obtained using an
Olympus® GX51 microscope. The images were
obtained for the surface of an area cut perpendicu-
lar to the longitudinal axes of the cylindrical geome-
try, which were treated with sand paper and polished
with saturated alumina solution of 0.3 um grain
size. Optical microscopy analysis was performed for
each one on the specimens with two etchants. The

first was a mixture of hydrochloric acid (HCI), nitric
acid (HNO;) and acetic acid (CH;-COOH), with
performed immersion of 15 to 20 s, and it is denoted
as etchant 1. Etchant 1 was used to reveal austenitic
characteristics; as after the mechanical traction test
there was no noticeable difference between all speci-
mens, only Fig. 9 is shown, exposing that austenite
is the primary crystalline structure.

The second OM analysis was performed using a
mixture of saturated hydrochloric acid (HCI) and
ferric chloride (FeCls), denoted as etchant 2. This
etchant is reported by Vander Voort (1999) to be col-
oring agent for o-ferrite, and it is used to prove the
increase of this phase to a visible higher amount of
d-ferrite. Fig. 10 shows many regions where o-ferrite
appears, as small darker areas. It is evident that for
specimens exposed to CSI cycles in the HoSIER
(Figs. 10 (SA), (SB), (SC) and (SD)) the quantity
of this zones is denser in for the same picture area
considered; then, with this evidence and with X-ray
diffraction technique and SEM and EDXS analysis
it is concluded the formation of d-ferrite.

FIGURE 9. As-rolled AISI 316 stainless steel specimen, 200X.

- o e
R 0%
PR

FIGURE 10. Metallographies with magnification of 500X with
etchant 2 for (AR) specimen with no heat treatment and no
mechanical traction test, (CHT)specimen with conventional

heat treatment and no traction test, and (SA), (SB), (SC), (SD)

for specimens A, B, D, and D respectively.
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4. CONCLUSIONS

— A photo-thermal cycle experiment was per-
formed on AISI 316 SS specimens using the
HoSIER located in the UNAM-Conacyt in
the city of Temixco, Morelos, México. The
specimens proposed for this study were of the
same dimensions as the cylindrical pipes used
as concentrated solar irradiation elements in
the receivers of central tower systems. Based on
the experiments performed and the mechanical,
de OM and the SEM and EDXS analysis, and
X-ray diffraction studies performed after the
experiments, the following conclusions can be
made:

— There is no evidence of relevant changes in the
tensile mechanical properties due to the num-
ber of photo-thermal cycles applied to the
specimens. Thus, degradation caused by photo-
thermal fatigue does not occur if the number
of cycles is low compared to the lifetime and
the number of cycles in the operational lifetime
of a solar central tower receiver. This tensile
mechanical properties are not affected by the
appearance of d-ferrite either, if low cycle num-
ber is performed. For other mechanical condi-
tions of applied stress, it will be necessary to
carry out the corresponding tests.

— A developed phase identified as crystalline
o-ferrite, is formed in the matrix of AISI 316
SS. The phase was found to be present by OM
analysis and X-ray diffraction technique and as
constitutive elements Fe and Cr were confirmed
by EDXS analysis. High Fe atomic percentage
content over the surface with respect to CHT
specimen gives a first idea of the d-ferrite dis-
persed phase.

—  The dispersed &-ferrite crystalline phase is pres-
ent in the specimens treated with CSI -in which
the UV fraction of the solar spectrum has influ-
ence-, and the temperature obtained at the time;
however, this phase does not appear in the same
material when no treatment is conducted or
when it is treated by conventional heat treat-
ments at a similar mean temperature. Hence,
the CSI denotes the possibility of modifying the
crystalline phases of AISI 316 SS at tempera-
tures near 630 °C, allowing us to suggest that the
UV fraction of the solar spectrum has an influ-
ence as an allotropy activator. At the higher
temperatures for the experiments carried out,
the oxidation showed an inhibited behavior; giv-
ing rise to a particular situation where a more
feasible oxidation would be expected.

—  Further investigation as an electrochemical cor-
rosion test is suggested be performed to deter-
mine if the new phase formed in the original
AISI 316 SS matrix has an effect on the corro-
sion behavior of these materials.
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