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ABSTRACT

In this study, salt bath nitriding was carried out at 565°C for various times for 304 stainless steel (304SS). The effect of salt bath nitriding time on the microstructure,
micro-hardness and wear resistance was investigated systematically. The results showed a nitriding layer was formed during salt bath nitriding, and the thickness of
effective hardening layer is duration dependant. The maximum microhardness value of 1200HV,,; was obtained at optimal duration of 150min, which was five times
higher than that of the untreated sample. And the wear resistance could be significantly improved by salt bath nitriding, the lowest weight loss after wear resistance was
obtained while nitriding for 150min, which was one tenth of that of untreated sample.
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INTRODUCTION

Austenitic stainless steel has excellent corrosion resistance, but their surface
hardness and wear resistance are poor [1-5]. In order to enlarge their real
applications and meet the needs in various service environments, surface
modification is essential to overcome these shortcomings.

Among the existed surface-modification techniques, nitriding treatment is one of
the most widely used methods [6-10]. In real applications, there exist three kinds
of normally used nitriding technologies, which are gas nitriding, plasma nitriding,
and salt bath nitriding. And salt bath nitriding has highest efficiency and lowest
production cost comparing the other two technologies [11-15].

Therefore, salt bath nitriding is conducted in this research, and the aim of the
present study is to get rid of the empirical treating factors used by different users,
and determine the optimum nitriding time of salt bath nitriding for 304 stainless
steel by investigating the effect of nitriding time on the microstructure,
microhardness and wear resistance, and thus the research will have important
guiding significance to the industrial production in the salt bath nitriding for 304
stainless steel.

MATERIAL AND METHODS

The material used in this work is 304SS with the following chemical
compositions (wt. %): C 0.06, Cr 18.64, Ni 9.31, Si 0.46, P 0.02, and Fe in
balance. The substrate presented a microhardness of about 200HV ;.

Samples were cut in the size of 10X10X10 mm for microhardness test, and in
the dimension of 32mm diameter and 5mm thickness disc for wear test. All of the
flat surfaces of each sample were ground using various grades of SiC paper and
polished to a mirror finish, and then ultrasonically cleaned in deionized water and
alcohol for 5 minutes respectively before salt bath nitriding. The samples were
pre-heated to 350°C for 30min in air and then processed in tailor-made nitride
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salt bath with CNO" concentration of 35% at 565°C for various time (60min,
90min, 120min, 150min and 180min).

The cross-sectional microstructure of the samples was observed by optical
metallography (XUG-05). The cross-sectional hardness was measured by Vickers
microhardness tester at a load of 10 gf and the holding duration of 15s. Each
hardness value was determined by averaging at least 5 measurements. The wear
tests were carried out on a Wear Test Machine Type MMW-1A under ambient
condition (20+2°C and 50%RH). During the test, a 6 mm diameter GCr15 steel
ball rotated at a speed of 200rpm on the surface of the samples for 60 min at a
test load of 50N. The friction coefficient was continuously recorded during the
test, and the weight of the samples before and after wear test was measured by a
balance accurate to 0.1mg for calculating the weight loss.

RESULTS AND DISCUSSION
Metallographic observations

Fig. 1 shows the cross sectional microstructure of samples after salt bath nitriding
for different nitriding time at 565°C. From the very surface to the core, a
compound layer (bright layer) and diffusion layer are formed, and the compound
layer thickness has no obvious difference with the duration increase from 60min
to 180min. The diffusion layer is between bright-layer and matrix, which is hard
to be clearly distinguished by optical microscopy, but can be determined by the
effective hardening layer shown in the cross-sectional microhardness profile
(Fig.2). Its main constitutions are solid solution or supersaturated solid solution
of the N atoms (S-phase) in a-Fe, which could bring about an improvement of
hardness comparing with the matrix [16-19].
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Fig. 1 The cross-sectional microstructures of specimens nitrided at 565 °C for
different time (a) 60min (b) 90min (c)120min (d)150min (e) 180min

Micro-hardness profile

Fig. 2 shows the microhardness profile for different nitriding time. The surface
hardness reaches the maximum of 1200HV, ¢, when nitrided for 150min, which is
5 times higher than that of untreated sample of 200HV, 0. With the increase of
nitriding duration, the surface hardness and the effectively hardening layer
increase gradually at first, and then turn to decrease slightly when the nitrided
time exceeds 150min. The possible reason of this phenomenon is due to a loose
structure formed on the top of the compound layer, and menwhile coarser grain
size formed in the nitriding layer, resulting in the decrease of surface hardness
once the nitrided time exceeding some duration [20-23].
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Fig. 2 The cross-sectional hardness profile of the specimens treated at 565°C
for different nitriding time

Wear resistance analysis

The variation of weight loss for untreated and nitrided samples is shown in Fig. 3.
It can be clearly seen that the weight loss of the untreaded sample is much higher
than those of nitrided samples, reaching around 0.09g. Whereas, the weight loss
of samples after salt bath nitriding decreased dramatically, and a minimum of
0.0084g was obtained when nitrided for 150min, which is because a nitriding
layer is formed on the surface after salt bath nitriding, resulting in excellent wear
resistance. Meanwhile, it can be found that the weight loss has no obvious
difference with the duration increase from 60min to 180min.
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Fig.3 Weight loss of samples untreated and nitrided at 565 °C for different
nitriding time

Fig.4 is the friction coefficient curve of the samples untreated and nitrided for
different duration. It could be seen that the friction coefficient of nitrided 304SS
was lower than that of the untreated samples. The average friction coefficient was
0.51 for the untreated sample, while decreased to some extent after nitriding, and
the average friction coefficient is nitriding duration dependant, corresponding to
0.49, 0.46 and 0.42 for nitrding time of 60min, 90min and 150min, respectively.
While it turned to be much rough for samples nitriding for 180min, possibly due
to the looser surface formed at this long nitriding time.
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Fig.4 Friction coefficient of the samples samples untreated and nitrided for
different time

CONCLUSION

(1) A nitriding layer was formed on the surface of 304SS after salt bath nitriding,
and the thickness of the compound layer had no obvious difference with the
duration increase from 60min to 180min.

(2) The optimal nitriding time was 150min for 304SS, with maximum surface
hardness and best wear resistance.

(3) The surface hardness of 304SS was increased significantly after salt bath
nitriding, reaching the maximum of 1200HV,,, 6 times as high as 200HV, ¢, of
the untreated sample.

(4) The wear resistance of 304SS was improved dramatically after salt bath
nitriding, the weight loss after wear test decreased to only 1/10 comparing with
that of untreated sample.
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ABSTRACT

The main problematic coming from the Laser Powder Bed Fusion (L-PBF) technique is the achievement of a fully dense part out of the interconnected tracks. The
correct choice of process parameters is of fundamental importance to obtain a porosity free component. In this work, a model is described as able to simulate the
printing process. The proposed model is a simplified numerical tool for designing processing windows suitable for metal alloys of any composition. The considered
approach makes the model used as much practical as possible while keeping the physical description representative. The model is validated fitting experimental
measures of track width, depth and cross-sectional area taken from three literature sources, referring to Ti6Al4V, Inconel 625 and Al7050. Effective liquid pool thermal
conductivity, laser absorptivity and depth of application of laser energy are here considered as fitting parameters. Laser absorptivity and depth of application of laser
energy result to rise almost linearly with increasing specific energy; the slopes of the three analyzed alloys result very close to each other. The obtained results give
confidence about the possibility of using the model as a predicting tool after further calibration on a wider range of metal alloys.

Keywords: selective laser melting; additive manufacturing; modelling

INTRODUCTION

Laser Powder Bed Fusion (L-PBF) is one of the most adopted and successful
powder bed fusion-based additive manufacturing technologies for many types of
alloys including stainless steels and light alloys [1-6]. In L-PBF melting and
solidification of a small powder, the volume is obtained using scanning on a
powder layer by a laser. In the end, the partially overlapping tracks solidified or
partially re-melted on any single layer are connected and the final component is
manufactured. Main critical issues coming from this method concern the
achievement of a fully dense part out of tracks interconnections. The target
mechanical properties of a component (e.g. strength, ductility, creep and fatigue
behaviours) strongly depend on the presence of porosities [7-18]. It is well known
that process parameter correct determination a key issue to achieve porosity-free
manufacture. It is also known that it strongly depends on powder composition
morphology. The process parameter list includes the following topics: layer
thickness, hatch, laser spot diameter and power. Finally, scanning speed needs to
be considered. While layer thickness is affected by matters depending on the
component target surface finishing degree resolution, the laser spot diameter is
usually fixed on commercial 3d printers. The optimized process needs to take into
account the determination of the best laser power and speed as well of the hatch
distance. Therefore in order of selective laser melting process optimization, tools
able to define the operating window in the P-v (laser beam power — velocity)
space are needed. Such tools are required to take into account the dependence of
such items on metals composition and powder morphology.

Several approaches have been developed for the above problem [19-22]. In
the approach reported in [23], the process mapping simply gets to the process
outcomes of an additive manufactured process, jus considering input power and
speed. Usually, constant cross-sectional area curves are plotted to allow to
determine the power and speed combinations resulting in a similar melt pool
cross-sectional area.

Numerical modelling of the track melting has been approached by the use of
commercial finite element software’s [24-26].

In particular [27] reports about experiments carried out at the National
Institute of Standards and Technology (NIST) on an Inconel 625 plate using an
EOSINT M270 Laser Powder Bed machine. A test matrix of several powers and
speed values combinations was originated, covering the full standard operating
region of the considered 3D printer. Laser process simulations were carried out
using a 3D finite element model. Results of the simulation were compared with
the experimental cross-sectional areas. A not perfect fitting was obtained using a
fixed value of effective laser absorptivity of 0.57, inducing to hypothesize better
fitting for an absorptivity varying with laser power and speed.

In this paper, we propose a modelling tool able to generate processing maps of
alloys suitable to the laser powder bed fusion technique. A simplified physical
frame is modelled to reduce computing time. The model is then applied covering
process parameters ranges typical of the specific additive manufacturing machine.
The output is the limits of the conduction, transition and keyhole modes in the
laser power-velocity plane, along with the full dense region.

Experimental data concerning different thermo-physical alloys properties are
needed to validate the model. Three data sources have been selected throughout
the literature at this first step of the model evolution [28-33].

The model

The continuous modification of the melt pool as the specific laser energy is due
to the gas/melt surface evaporation onset and occurs when the temperature is high
enough. The conduction mode ends up and a recoil momentum [10] is produced
modifying the initially flat gas/melt interface and leading to an increasingly
deeper cavity as the laser entering specific energy is enhanced. As the cavity
deepens, higher energy values are absorbed into the cavity due to multiple ray
reflections against the cavity interface [29]. Due to this mechanism, a shallow
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cavity intercepts less energy than a deep keyhole cavity, resulting in a continuous
increase of the effective laser absorbance of the interface achieving its minimum
in the conduction mode; afterwards increasing in the transition mode, until
reaching the maximum close to unity, for a fully developed keyhole. The
absorbance minimum value is strictly correlated to the natural absorptivity of the
metal alloy. As a consequence, the melt pool geometry transforms turning from
wide and flat into narrow and deep.

The model is developed using the finite volume technique aimed to better take
into account the gas cooling effect and its dependence on its vector properties and
is described in detail in [34].

To achieve a simplified representation of the welding process, two main
assumptions are performed:

1. avoiding evaporation and keyhole formation of explicit simulation. Heat
transfer is modelled in terms of conduction through the melt pool for
any operating condition input. This implies an accurate model
validation and calibration for properly taking into account how much
evaporation and formation of the cavity affect the melt pool geometry
and overall heat transfer conditions.

2. modelling the powder layer as a continuum material, which thermo-
physical properties come from a local powder particles arrangements,
leading to the formation of sites where the powder is packed or rarefied
(as the effect of the mixture with the gas).

RESULTS

The first applications, herein discussed, refer to single tracks generated over a
single powder layer and have been used to calibrate the model using consistent
experimental data [27-29].

The applied strategy to gain fitting results involves two different stages. In the
first stage, the input laser specific energy is raised from the lowest level, the
height h is set to an initial value and the laser absorptivity is given as first attempt
the value competing to the simulated metal alloy, as deduced from available
databases of metal surfaces reflectivity. Both h and « keep constant values for all
operating conditions resulting in conduction mode.

The calibration when simulating the conduction mode is addressed at fitting
measured depth and width data and at obtaining the boiling conditions in the
weld pool at operating conditions experimentally marking the passage from
conduction to evaporation. Experimental data employed in this work provide
numerous track measures at different P-v values, scanning over the operating
ranges of P and v with quite fine resolution, allowing for precisely detecting the
transition from conduction to evaporation and keyhole formation. Laser
absorptivity and effective thermal conductivity in the liquid pool are set as fitting
parameters. Up to now, the calibration experience shows almost no need to vary
the laser absorptivity derived from literature and web repositories referring to
each metal alloy.

In the second stage, height h and « are varied with varying laser parameters until
fitting measured values of depth and width. In particular, absorptivity increases
with increasing the input laser specific energy until reaching a plateau at a value
close to unity. Laser efficiency 7 has been kept constant and equal to 0.85.

The comparison between measured and calculated cross-sectional data are
reported in Figure 1, in terms of width and depth data concerning the analysis
performed on Ti6Al4V [28] (Figure 1a), Inconel 625 [29] (Figure 1b) and of the
cross-sectional area for Al7050 [27] (Figure 1c).
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Fig. 1 Comparison between measured and calculated data of Ti6AI4V track
depth and width (a), Inconel 625 track cross-section area from (b),
Al7050 (c).

A good agreement has been found except for width values for deep keyhole
shapes. The typical keyhole cross-section geometry is characterised by a width
profile rapidly changing from wide, near the surface, to narrow deep below. The
simplified approach of the present model is not capable to catch this geometry
complexity. The net result is that it fails in giving precise width values, although
the calculated depth and cross-sectional area fit well the measured values.

The fitting parameters: h and « shows the trends against specific energy,
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shown respectively in Figure 2 and Figure 3.
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Fig. 2. Calculated trends of height h vs specific energy for the three analysed
alloys.
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Fig. 2. Calculated trends of laser absorptivity vs specific energy for the three
analysed alloys.

Bold symbols in Figure 2 and 3 highlight specific energies above which deep
keyhole is experimentally observed for the three alloys. Dilip et al. [28] put into
evidence the presence of keyhole porosity for specific energies above 0.26 J mm*
! Montgomery et al. [27] notice keyhole shape for specific energies above 0.4 J
mm™ and Qi et al. [29] recognise well-developed keyhole regime only at very
high power level, close to 2 J mm?, although severe keyholing is detected at
specific energy as low as 0.57 J mm™,

While for Ti6Al4V and Inconel 625 this experimental outcome meets the
respective calculated curves at a = 0.8, the keyhole observed in Al7050 tracks
appears for a calculated o= 0.97.

CONCLUSION

A model has been developed using the commercial code ANSYS Fluent for
simulating the printing process inside an L-PBF machine. A simplified approach
has been adopted to make the model use as much practical as possible for design
the processing window of alloys of any composition.

The model has been calibrated fitting experimental measures of track width,
depth and cross-sectional area taken from three literature sources, referring to
Ti6Al4V, Inconel 625 and Al7050.

A strategy of model calibration is employed based on varying the effective liquid
pool thermal conductivity to fit the experimentally observed evaporation start
with the calculation of the boiling temperature as maximum pool temperature.
Laser absorptivity and depth of application of laser energy are further varied to fit
width and depth data. They result to rise almost linearly with increasing specific
energy assuming slopes very close for the three analyzed alloys. In particular,
laser absorptivity increase from the base level consistent with the absorptivity of
the alloy at the laser wavelength, until reaching a maximum value close to unity.
From the experiments described in the reference papers used in this work, deep
keyhole already appears for calculated values of absorptivity of almost 0.8.

The model needs to be further calibrated to validate the present observations and
refine the fitting parameters (effective liquid conductivity, the slope of h and ).
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ABSTRACT

The effect of isothermal heat treatments (1 hour at 200, 400, 600 and 800°C) on mechanical properties of thermo-mechanically rolled S7T00MC steel
has been investigated by extensive mechanical characterizations. Treatments at 600°C increase yield and tensile strength and decrease impact energy.
Below 600°C the steel retains its bainitic structure. Simulations of precipitation kinetics suggest that this hardening effect arises from the nucleation
of fine (Ti,Nb)C particles, indicating that the bainitic structure is unstable above 600°C due to its high supersaturation with respect to C, Nb and Ti.

These results can help to optimize the operating practices for post-weld heat treatments.

Keywords: High Strength Steels, TMCP, thermal treatment, S700MC

INTRODUCTION

In the last years the industrial demand for high strength steels (HSS) with
increasing mechanical performance to reduce the overall weight of the
components, has stimulated the steel producers to develop and commercialize
many steel grades capable of reaching a strength up to 1 GPa and even more [1].
The industrial route for producing these materials makes use of the so-called
thermo-mechanical control process (TMCP) which exploits the austenite grain
refining properties of Nb as microalloying element, together with a proper design
of the hot rolling schedule, to improve the homogeneity of the microstructure and
enhancing the mechanical properties in the as-hot rolled state. The corresponding
refinement of the final microstructure after phase transformation on the run-out
table permits to employ leaner chemical compositions thus reducing the
production costs and casting problems. Moreover, less alloyed compositions have
a lower carbon equivalent which makes easier all the joining operations to build
up the final component, such as conventional arc welding processes as well as
hybrid techniques.

Among the most performing high strength grades, S7T00MC is largely employed
since its high tensile properties are associated to a good toughness.

To achieve the grade it is necessary to obtain a bainite + ferrite or a fully bainitic
microstructure together with a controlled level of alloying elements.
Ferrite-bainite steels have a high tensile strength and both an adequate elongation
and excellent hole expansion performance which ensures good formability. Fully
bainitic high strength steels can be employed in the automotive industry to
produce structural components for passenger safety such as anti-intrusion frames
[2, 3] as well as in applications where wear resistance is required, such as
components of industrial vehicles and trucks.

There are two main routes for producing this grade as hot rolled strip. In the first
one, the required level of hardenability is achieved by a proper alloying with Mo,
Cr and Mn. In the second one the addition of boron is exploited to induce the
necessary hardenability to the austenite and permits to use a lower amount of
alloying elements.

In some cases additional thermal treatments are employed to correct or improve
the mechanical properties of as-rolled strips, especially of large thickness, also
in-line with the hot rolling mill [4]. However, only few studies of the stability of
bainitic structures and the evolution of the mechanical properties with the
treatment temperature are available in the literature for this grade [5, 6].

In this work, the response to different isothermal heat treatments of a fully
bainitic 5 mm thin strip of S7T00MC steel is investigated and analyzed.

Although the behavior of S700MC to welding is generally good due to its
relatively low carbon equivalent [7-11], this study provides additional
information on joining of this high strength steel, especially regarding the
optimization of the operating practices for post-weld heat treatments when they

are required to reduce hardness peaks in the heat affected zone caused by the
joint geometry or by a not adequate selection of the welding conditions.

MATERIAL AND METHODS

Slabs of the S7T00MC steel grade have been produced by electric arc furnace
(EAF) route. The chemical composition of the steel, reported in Table 1,
complies with the DIN EN 10149 2 reference. The fully bainitic microstructure
of the as-hot rolled material is obtained without boron additions. After reheating
at 1230+20°C, slabs are thermo-mechanically hot rolled from 220 mm to 5 mm
thickness with a finish roughing temperature between 1050 and 1100°C, a finish
rolling temperature of 860 +20°C (the calculated Ae; temperature is about
825°C) and a coiling temperature of 450 + 20°C.

Table 1. Chemical composition of the hot rolled strip (mass %) and tensile
properties of the S7T00MC steel grade according to the DIN EN 10149-2
reference standard for a strip thickness between 3 and 8 mm.

Cc Mn Si P S Cr Mo
0.09 1.9 0.19 0.015 0.003 0.22 0.14
Nb \Y% Ti N Ni Cu Al
0.069 0.04 0.10 0.006 0.11 0.2 0.036
Rey (MPa) | Rm (MPa) | Elongation (%)

=700 750 - 950 >12

Some thermodynamic and kinetic calculations, performed by the JMatPro® [12]
commercial software, are here reported to characterize the behavior of the
S700MC steel grade with respect to phase transformations and precipitation of
Nb and Ti carbonitrides. In this formulation of the ST00MC grade titanium
microalloying is used to control the austenite grain size during slab reheating in
order to avoid abnormal grain growth and inhomogeneous starting
microstructures in the slab that might impair the product quality [13]. The first
aspect considered is the precipitation in austenite of carbonitrides of the
microalloying elements Nb and Ti as a function of temperature, with particular
reference to the interval from 1300 to 850°C where the hot rolling is carried out.
Although carbonitrides are crystallographically isomorphous and mutually
miscible, two distinct phases have been considered. They have been
schematically denoted as (Ti,Nb)(C,N) and (Ti,Nb)C to mean the high- and low-
temperature stable phases, the former being rich in Ti and N, the latter in Nb and
C. Typically, the first one is representative of the coarse precipitation (about
1 um average size) produced from casting down to slab reheating. Its calculated
composition is (Ties,Nbo0s)(Co7,No3). The second one, finer, is typical of the hot
deformation hand its calculated composition is (Tigss,Nbg4s)C. The evolution of

DOI:10.36547/ams.26.1.449
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their mole fraction with temperature is shown in Figure 1. (Ti,Nb)(C,N) starts
forming at about 1500°C whereas the precipitation start of the Nb-rich phase
occurs at a temperature close to the roughing of the slab (about 1100°C) and
increases as temperature decreases.

As far as the austenite decomposition is concerned, a continuous cooling
transformation (CCT) diagram has been calculated from the finishing rolling
temperature (850°C) assuming an austenite grain size of 10 um. The curves in
Figure 2 refer to a transformed fraction of 5%. It can be observed that the critical
cooling rate for avoiding the ferrite nose is about 40°C/s in the range 650-550°C
and it can be easily achieved on the run-out table of a hot strip mill for a 5 mm
thin strip. Coiling at 450°C prevents the formation of martensite, being the Ms
temperature for this steel about 425°C and the bainite start Bs about 590°C.

the longitudinal direction are reported in Figure 3a. No relevant changes
compared to the as-hot rolled condition are observed up to a holding temperature
of 400°C. In this range the material still meets the standard requirements for the
S700MC grade. A sharp increase in yield and tensile strength is observed for the
holding temperature of 600°C where the highest values are obtained with an
increase with respect to the as-rolled condition of about 80 MPa and 55 MPa,

respectively. The sample treated at 800°C shows the lowest yield strength and a
tensile strength substantially equivalent to the as-rolled reference state. Total

elongation appears not affected by the treatments and the observed fluctuations

can be considered within the scatter of the experimental determinations
(Figure 3b).
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Fig. 1 Calculated equilibrium mole fraction of Nb and Ti carbonitrides in the

S700MC steel as a function of temperature.
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Fig. 2 Calculated CCT diagram of the ST00MC steel austenitized at 850°C with
an average austenite grain size of 10 um. Lines refer to 5% transformed volume.

Specimens for tensile, impact and bending tests and for microstructural
examinations have been taken from the coil tail. Isothermal heat treatments have
been carried out in a laboratory furnace for 1 hour at 200, 400, 600 and 800°C
followed by free cooling in air. The as-rolled material has been used as reference.
Tensile tests have been carried out on a Zwick Z600 device with 600 kN
maximum load capacity. Charpy impact tests have been performed by a Zwick
RKP-450 device with 450 J maximum impact force. Bending tests have been
performed by a DYZ-200 device.
Microstructural examinations of the samples have been carried out by a Nikon
MAZ200 optical microscope with Clemex Image Analyzer System and by a Field
Emission Gun Scanning Electron Microscope (FEG-SEM) Zeiss Sigma 300
equipped with Energy Dispersive X-ray Spectrometry (EDS) for microanalysis.

RESULTS
Tensile tests

Tensile tests have been carried out on flat test specimens according to the
ASTM E8 reference standard (gauge length 50 mm). The results of tensile tests in
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Fig. 3 Results of tensile test in longitudinal direction for the S7T00MC steel in

the as-rolled condition and after isothermal heat treatment of 1 hour at different
temperatures. a) Rp02 and Rm; b) Total Elongation.
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Fig. 4 Impact energy of the STO0MC steel in the as-rolled condition and after
isothermal heat treatment of 1 hour at different temperatures.

Impact and bending tests

Charpy V-notch impact tests have been carried out at room temperature on
samples taken in the longitudinal direction. The test results are shown in
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Figure 4. Up to the holding temperature of 400°C the impact energy is in the
range of 155-175J. A drop is observed for the treatment at 600°C. A further
increase in the holding temperature to 800°C produces a partial recovery of the
toughness level.

Fracture surfaces after the impact test are shown in Figure 5. Ductile fracture is
the dominant mechanism for all the samples. Delaminations are particularly
evident in the sample treated at 600°C.

Finally, bending tests have been carried out on samples in the transverse
direction. The images of bent specimens are shown in Figure 6. In all cases the
surfaces are defect-free.

Microstructure

Metallographic sections in transverse direction observed by optical microscope
after etching with a Nital 2% solution are reported in Figure 7.

as-rolled 200°C

400°C

The microstructure of the sample treated at 200°C is fully bainitic and very
similar to that of the as-rolled material. For a treatment at 400°C only small
changes are observed. Instead, by increasing the holding temperature at 600°C
the rolling structure undergoes an apparent rearrangement due to recovery with
the partial recrystallization of bainite. In fact, ferrite grains appear slightly
coarser and more equiaxed than those in the samples treated at lower
temperatures. In addition, the reduction of the carbon supersaturation in ferrite
promotes the observed coarsening of grain boundary carbides. Finally, the
microstructure of the specimen treated in the intercritical region is reverted to a
ferrite-pearlite  mixture. Large (Ti,Nb)(C,N) precipitates formed at high
temperature with size in the range 3 to 5 um are evidenced in the pictures.

600°C 800°C

Fig. 5 Appearance of the fracture surfaces of STO0MC steel grade as-rolled and isothermal heat treated at different temperatures after impact tests.

200°C

“as-rolled
Fig. 6 Appearance of the bent surfaces of the STO0MC steel grade as-rolled and isothermal heat treated at different temperatures after the bending tests.

SEM and microanalytical EDS investigations have been carried out on all
samples. For the sake of clarity, only the results of the specimens in the as-rolled
condition and after 1 hour at 600°C are reported and discussed. In-Lens and
secondary electron images of the selected samples are shown in Figure 8.

The bainitic structure of the as-rolled material is characterized by a relatively
small grain size with a sub-grain structure (with average size of about 1.5 pm)
and many inter-lath cementite particles. The material treated at 600°C has a
larger and slightly more equiaxed structure of the ferrite grains with less sub-
grains and cementite particles located at grain boundaries.

In both cases the smallest precipitates detected have an average size of about
200 nm and have been identified as (Ti,Nb)C. Being already present in the as-hot
rolled state, they have been formed during hot rolling of the strip and probably
during roughing. Some examples are reported in Figure 9. No precipitates
containing Mo or V have been found.

SEM images of the fracture surface of the selected impact test samples are shown
in Figure 10. The as-rolled material is characterized by a ductile fracture.
Dimples are associated to precipitates and inclusions. The sample treated at
600°C has a mixed fracture mode. Although the fracture surface is generally
ductile, locally some crystalline regions can be found.

400°C

600°C

800°C

DISCUSSION
Microstructural changes

From the characterization of the mechanical properties and microstructures of the
S700MC steel grade it is apparent that a treatment temperature of 600°C is
critical since it induces a reduction of toughness (Figure 4) although it is
associated with an increase in YS and, at a lower extent, also of UTS (Figure 3).
The microstructural changes can be explained invoking an intense recovery of the
bainite structure with a reduction of the dislocation density, coarsening of inter-
lath carbides and a rearrangement of the high-angle grain boundaries with a slight
increase of the average ferrite grain size. In addition, the sub-grain structure is
almost completely eliminated. These factors support the decrease of the impact
energy.

On the other hand, notwithstanding the slightly coarser grain size, tensile
properties, and in particular the yield stress, increase. Since from the SEM
investigation no apparent new precipitation or coarsening of (Ti,Nb)C particles in
the size range below 100 to 200 nm is observed, it has to be argued that
nanoprecipitation of (Ti,Nb)C (not detectable by the SEM) is produced in the
matrix. As a matter of fact, as indicated by the thermodynamic calculations, in
the as-rolled material, some niobium and titanium are still in solid solution
together with some carbon due to the low coiling temperature of the hot strip and
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to the formation of a bainitic microstructure composed by carbon-supersaturated
bainitic ferrite laths.

BTSN WD=3Smm SorASIDESD e 138K

c) d)
Fig. 9 Microstructure of S7T00MC steel (backscattered electrons) and details of
typical (Ti,Nb)C precipitates in the as hot rolled state (a, b) and after isothermal
heat treatment at 600°C for 1 hour (c, d).

600°C ' 800°C
Fig. 7 Microstructure of the as-rolled and isothermal heat-treated S700MC steel
(2% Nital etching, transverse direction).
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Fig. 10 SEM images of the fracture surface of selected impact test samples of
b) S700MC steel strip: (a, b) as hot rolled; (c, d); isothermally heat treated 1 hour
at 600°C.

In order to ascertain if this mechanism can be effective in explaining the above
results, some calculations have been carried out using the commercial software
MatCalc [14-19] which is able to simulate not only the thermodynamic equilibria
but also the kinetics of nucleation and growth of precipitates in multicomponent
systems. Calculations have been performed with the version 5.42 of the software
using the databases mc_fe v2.017.tdb for thermodynamic data and

i R T s i dmc_fe_v2.001.ddb for diffusion and mobility data.

c) d) Isothermal treatments of 1 hour at 400 and 600°C have been simulated
Fig. 8 In-lens SEM images of as hot rolled (a, b) and isothermally heat treated at considering the nucleation of (Ti,Nb)C particles on the grain boundaries of a
600°C for 1 hour (c, d) ST00MC steel samples. bainitic ferrite matrix. In order to estimate the effect of hot rolling and coiling in

determining the maximum amount of second phase that can be formed, the
thermodynamic equilibrium composition of austenite at the roughing temperature
(taken for the sake of simplicity equal to 1100°C) has been assumed as initial
condition. At this stage, most of nitrogen is precipitated in coarse (Ti,Nb)(C,N)
particles and the corresponding elements involved do not take part any more to
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the subsequent precipitation processes. Furthermore, it has been reasonably
assumed that a negligible precipitation occurs after roughing due to the short time
of the hot rolling finishing treatment and to the low coiling temperature (about
450°C). By assuming an average grain size of the bainitic ferrite plate of 2 um
with a grain elongation factor of 2 and a dislocation density of 10> m?, the
calculation yielded a precipitate volume fraction of about 7-10° and an average
particle size of about 10 nm. After 1 hour of treatment the amount of Nb in
solution is reduced of about 50% with respect to the initial condition and that of
Ti of about 30%. Moreover, the calculations confirm that the same treatment at
400°C is not sufficient to activate the nucleation process, as observed in the
experiments.

In order to estimate the strengthening effect produced by the fine precipitates
after 1 hour at 600°C, the Ashby-Orowan equation [20] has been used

Aoy ppe [MPa] = 10.8 @ . ln(

d )
. —4
d 6.25-10 , (1)

where d is the average particle size (um) and fy the volume fraction of second
phase. The MatCalc simulation results at 600°C permit to estimate a precipitation
strengthening between 25 and 30 MPa, corresponding to about 50% of that
measured at this temperature (Figure 3a). The remaining contributions, not
explained by the present simulations, come presumably from precipitation of the
supersaturated carbon as epsilon carbide in the bainitic ferrite. Also an ageing
mechanism could be invoked which could explain the more pronounced increase
of YS compared to UTS.

It has to be noticed that, although vanadium has been included in the kinetic
calculations since, being miscible in the Ti-Nb carbonitrides, it can contribute to
the precipitate volume fraction, nevertheless it does not enter the particles due to
the too short annealing time not permitting a complete precipitation of solutes.
Annealing temperatures greater or equal to 800°C, implying a partial or full
transformation in austenite (the calculated Ae; temperature for the present steel
composition is about 825°C), annihilate the bainitic structure and dissolve all
cementite precipitates (Figure 7). Even (Ti,Nb)C particles can be dissolved if
temperature is high enough. Thus, after the slow cooling to room temperature, the
steel recovers a structure composed of a mixture of ferrite and pearlite which is
characterized by a much lower yield stress than the as-rolled material (Figure 3a).
It has to be remarked that, unlike the treatments investigated by Sas et al. [21], in
the present case there is neither hot deformation in the two-phase region nor a
fast cooling. Consequently, the mechanical properties are not enhanced.

The above results permit to conclude that, due to the high level of residual
supersaturation of the bainitic microstructure of the S7T00MC steel in the as-rolled
state with respect to the precipitation of carbides of iron and microalloying
elements, any thermal treatment carried out at a temperature high enough to
activate the diffusion of interstitial elements has a relevant impact on the
mechanical properties. In particular, a tempering temperature higher or equal to
600°C is particularly unfavorable since it induce a relevant secondary hardening
effect and a reduction of toughness.

Welding issues

The present results can be exploited in relation to welding of the ST00MC steel
grade. For conventional welding techniques such as MAG, the commonly
adopted procedures prescribe the use of low heat inputs, generally not exceeding
0.8 kJ/mm and typically around 0.4 kJ/mm [7-11] in order to prevent an
excessive hardness in the heat affected zone (HAZ). Some welding simulations
have been carried out by the CSMWeld model [22-25], a physical-semiempirical
model developed at RINA-CSM which predicts the hardness in the HAZ of
multi-pass joints. Starting from the imposed welding conditions (number of
passes, heat input and chemical composition of the base material) it makes use of
different sub-models for the simulating the thermal evolution at each pass, the
austenite grain coarsening in the HAZ and the austenite decomposition during
cooling as a function of the distance from the fusion line.

The model has been used to estimate the possible formation of hardness peaks in
the HAZ in case of standard and not-standard welding conditions. Calculations
have indicated that, with an heat input of 0.8 kd/mm, the maximum hardness
expected in HAZ is about 330+20 HVy, to be compared with a hardness in the
base metal of about 280 HV1,. An example of a hardness profile calculated for a
bead-on-plate weld is reported in Figure 11. Consequently, no specific

weldability problems are expected for this steel grade, in accordance with the
EN 15614-1 standard which, for this class of materials (steel group 2.2 according
to ISO/TR 15608) sets 380 HV1 as upper limit of untreated HAZ.

Nevertheless, especially if the joint geometry is complex and in association with
higher strip thickness, welding issues can arise. In these specific cases, a post-
weld heat treatment might be necessary to reduce the hardness peaks.
Consequently, it is important that the thermal treatments are performed below
600°C in order to avoid loss of toughness in the base metal close to the HAZ.

HI = 0.8 ki/mm
340

g R 7 A
310 ,/ \
300 \ |

Base
Metal |

290 - weld HAZ
280 | Metal

Calculated hardness (HV,,)

270 !
30 35 40 45 50 55 60 65 70 75 8.0

Distance from the welding axis (mm)

Fig. 11 Calculated hardness profile in HAZ for a bead-on-plate weld of
S700MC with a heat input of 0.8 kJ/mm.

CONCLUSION

This study on the behavior of the bainitic HS steel grade ST00MC subjected to
isothermal treatments of 1 hour at temperatures in the range 200-800°C has
shown that temperatures greater or equal to 600°C, although improving the
tensile properties of the material, produce a decrease of toughness, thus
confirming previous results in the literature. It is here proposed that this
hardening effect arises from the additional precipitation of fine particles of
(Nb,Ti)C and epsilon carbides and ageing, thus indicating that the bainitic
structure is unstable above 600°C due to its inherent high level of supersaturation
with respect to C, Nb and Ti. In case of application of post-weld heat treatments
of joints involving this steel grade, the above temperature should not be
exceeded.
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ABSTRACT

Hydrogen peroxide with its high oxidising potential is commonly used in hydrometallurgical extraction of metals from ores, anode slimes and waste materials (e.g.
WEEE) and treatment of cyanidation effluents. Main detraction to H,O, is its rapid catalytic decomposition leading to prohibitively high consumption. Effect of pH (0-
4), Cu(ll) (0-10 g.I'") and temperature (20-80°C) on H.0, stability was investigated using response surface methodology. Influence of neutral-alkaline conditions (pH
7.3-11.8) and presence of solids (1-20% w/v) was also tested. A polycarboxylate based solution (PBS) was utilised to improve H,O, stabilisation. The significance order
of parameters on H,0, decomposition was temperature > pH > Cu(ll). Elevating the level of these parameters increased H,O, decomposition. The activation energy
(60.7+2.5 kJ.mol™) indicated a chemically controlled process. Alkaline conditions (up to pH 11.8) led to higher H,0O, decomposition. Presence of solids adversely
affected H,O, stability under certain conditions. The addition of PBS significantly improved (up to 54%) H.,O, stability in the presence of copper. The presence of PBS
in H,SO,4-H,0, leaching of waste of printed circuit boards (WPCBs) provided a limited enhancement in copper extraction by up to 19%. PBS can be suitably utilised to

stabilise and hence reduce H,O, consumption in aqueous solutions particularly in the presence of copper.

Keywords: Hydrogen peroxide; polycarboxylates; stabilization; copper; e-waste; leaching

INTRODUCTION

Hydrogen peroxide (H,0,) has been employed in many industrial applications
due to its superior features including high oxidation potential (+1.78 V) [1], easy
handling-storage and environmentally friendly nature i.e. formation of no toxic
by-products during the oxidation process (Eq. 1) [2,3]. Hydrogen peroxide is
extensively used in hydrometallurgical applications including leaching of
gold/silver from ores to increase dissolved oxygen concentration [3,4], extraction
of copper from chalcopyrite ores/concentrates as well as waste materials (e.g.
WEEE) in acidic sulphate/chloride solutions under atmospheric or oxidative
conditions [5-10], extraction of precious metals from anode slimes by chloride
leaching [11] and precipitation of uranium and plutonium in peroxide form from
pregnant leach solutions (PLSs) [12,13]. Hydrogen peroxide is also effectively
used in chemical oxidation of cyanidation effluents containing free and weak acid
dissociable (WAD) cyanides [14-17]. Notwithstanding this, application field of
hydrogen peroxide includes waste treatment such as direct oxidation of inorganic
(e.g. sulphide (S%), nitrite) and organic contaminants (e.g. formaldehyde, thiols)
in drinking/natural water, oxidation of organics using advanced oxidation
processes (AOP) (Fenton’s process (Fe?*/H,0,) or H,0,/UV/O5) [3,18,19].

2H,0, — 0, + 2H,0 (1)

Despite its attributes, hydrogen peroxide is prone to catalytic decomposition
resulting in increased reagent consumption, which may lead to an adverse effect
on process economics [16]. For instance, in treatment of cyanide effluents (pH
10-11), despite the theoretical consumption of hydrogen peroxide for the
oxidation of free cyanide is 1.31 g H,0, per g CN’, in practice, this increases by
1.5-6.1 fold [16]. Factors negatively influencing the stability of hydrogen
peroxide include presence of metal ions (e.g. Fe**, Fe*", Mn, Cu*" and Cr*") (Egs.
2-3) [20-24], solids [25-26], sulphur ions (S*) (Eq. 4), thiocyanate (SCN") (Eq. 5)
as well as the increase in temperature and pH [2,16,27]. Yazic1 and Deveci [27]
demonstrated that in alkaline solutions (pH 9.5-12), increasing the concentration
of copper as well as solids ratio, temperature and pH facilitate the decomposition
of hydrogen peroxide.

2Cu?" + H,0, + 20H™ — 2Cu* + O, + 2H,0 )
Fe®* + H,0, — Fe* + OH™ + OH» 3)
S% + H,0; — S° + 20H" (4)
SCN" + H,0, — 8"+ OCN™ + H,0 (5)

Various inorganic/organic additives appeared to be tested in the literature for
inhibition of catalytic decomposition of hydrogen peroxide by metal ions, copper
in particular [22,23,26,28-31]. Many of the relevant studies focused on the
improvement of the stability of concentrated acidic (stock) solutions of hydrogen
peroxide (25-90% w/w H;0,) in order to extend shelf life of H,O, products, with
limited details. To the author’s knowledge, there is limited work on the practical
use of organic/inorganic additives for inhibition of decomposition of hydrogen
peroxide in acidic/basic solutions. In a previous study, Mahajan et al. [32]
showed that the addition of ethylene glycol (1-8 ml.I") enhanced leaching of
copper from chalcopyrite in H;SO,-H,0O; solutions. Bas et al. [33] found that
ethylene glycol can be suitably used as an additive in hydrogen peroxide
treatment of X-ray film effluents (thiosulphate media) for silver recovery. More
recently, Ruiz-Sanchez and Lapidus [34] addressed the beneficial use of ethylene
glycol in the peroxide leaching of chalcopyrite mineral. The current study has
been also the first attempt for improvement of copper extraction from e-waste
through stabilisation of hydrogen peroxide in sulphuric acid leaching.

In this study, the effect of pH (0-4), the concentration of Cu(ll) (0-10 g.I"") and
temperature (20-80°C) on the decomposition of hydrogen peroxide were
investigated using response surface methodology in five levels over a period of 3
h. The effects of high pHs (up to 11.8) and solids (1-20% w/v) were also tested
separately. The influence of a polycarboxylate based solution (2.5-20 mlLI™* PBS)
as the additive on the stability of hydrogen peroxide was also tested in much
detail i.e. under different conditions of pH, temperature and solids ratio. The
effect of PBS (1.3-6.7 ml.I") on copper extraction from a waste of printed circuit
boards (WPCBs) was also demonstrated.

MATERIAL AND METHODS

Tests were performed in baffled jacketed glass reactors (inner dia: 6.5 cm, 250-
mL nominal capacity) connected to a water circulator (Polyscience) for
maintaining the desired temperature in reactors. A multi magnetic stirrer (Thermo
Scientific Variomag) was used to agitate reactors using PTFE-coated magnetic
bars (diameter: 3 cm) at a stirring speed of 350 rpm. The top of the reactors was
kept covered with lids over the test period.

Hydrogen peroxide solution (35% w/w H,O,, Merck) and a stock solution of
copper sulphate pentahydrate (200 g.I"* CuS0,.5H,0) were used to prepare the
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solutions in a final volume of 200 mL. Hydrogen peroxide was added after
achieving the required temperature of the solution to prevent its decomposition
before starting the test. The initial concentration of hydrogen peroxide was set at
0.5 M in all experiments. To test the effect of solids on the stability of hydrogen
peroxide, quartz, which is an inert mineral (i.e. not soluble in
acid/neutral/alkaline solutions) commonly present in ores, was selected. Quartz
sample (>90% SiO,, —250 pum) was firstly treated with a dilute acid solution (5%
HCI, 60°C, 90 min.) to remove soluble impurities, followed by washing with
distilled water. It was then dried in an oven (105°C) prior to use in the tests. A
polycarboxylate based solution (PBS with a trade name of Polycar-100 produced
by Iksa [35] (Table 1) was utilised as the additive to improve the stability of
hydrogen peroxide. PBS is essentially a hyper plasticizer used to reduce water
requirement in cement products [35]. The pH of the solutions was adjusted using
either concentrated sulphuric acid solution (96%) or 4 M NaOH. All the solutions
were prepared using deionised-distilled water. Samples taken at the
predetermined intervals over a period of 180 min. (after centrifugation if solids
were present to obtain clear supernatants) were analysed for initial and residual
hydrogen peroxide with iodometric titration [36].

The addition of PBS (1.3-6.7 ml.I"") in hydrogen peroxide leaching copper from

Design of experiments and statistical analysis of data

Effect of various parameters including pH, the concentration of copper and
temperature, on the decomposition rate of H,O, was investigated using design of
experiments i.e. central composite design (CCD), a type of response surface
methodology (RSM) [37,38]. Table 2 shows the parameters and their
corresponding levels. Design-Expert software [39] was used in the calculation of
regression coefficients of second-order mathematical models produced, statistical
analysis of experimental data and generation of response surface plots. P-values
were used for testing the significance of parameters. Simply, the null hypothesis
is rejected on the grounds that the P—value is under the selected confidence level
(e.g. 95%, 0=0.05). This indicates that the parameter tested is statistically
significant [38]. Apart from experimental design runs, additional tests were also
carried out to reveal the decomposition profile of hydrogen peroxide in neutral-
alkaline conditions (i.e. pH 7.3-11.8) and in the presence of solids (i.e. 1-20%
w/v). Furthermore, the effect of the PBS on the stability of hydrogen peroxide
was investigated in detail under different experimental conditions.

Table 2 Parameters and corresponding levels tested in the decomposition of
hydrogen peroxide

the waste of printed circuit boards (WPCBs, 18.5% Cu, 2.05% Fe) was also Levels

demonstrated. The details of the preparation of WPCBs sample can be found Lowest Low Center High Highest
elsewhere [10]. Leach solutions (150 mL) containing 1 M H,SO; + 1 M H,0, Parameters 1682 1 0 ) +1.682
were prepared in Erlenmeyer flasks (250 mL) prior to the addition of WPCBs A pH 0 08 2 3.2 4
sample (-250 um) to maintain a solids ratio of 1% w/v. A temperature-controlled B Cu(ll), gI" 0 2 5 8 10
(80°C=1) reciprocal shaker operating at 140 rpm was used for mixing of the flask C Tempéra.ture oC 20 32 50 68 80

contents. Samples taken at certain intervals (i.e. 0.25 and 0.5 h) were centrifuged
at 4100 rpm for 5 min. to collect supernatants for copper analysis using an atomic
absorption spectrometer (Perkin EImer AAnalyst 400). Initial and final pH, redox
potentials (Eagagc, MV) and hydrogen peroxide concentration were also
monitored.

Table 1 Some properties of the polycarboxylate based solution (PBS)

RESULTS AND DISCUSSION
Modelling and statistical analysis of data

The experimental design layout with conditions for each test and corresponding
responses (i.e. decomposition of hydrogen peroxide (%) at different time

-(I;)cl)iljgur Ili/:;ﬁttj[;erocavl:lsolycarboxylate and organic salts intervals _(5—180 min.) and_ iqitial rate constants (k, r_nin'l)) is presented in Table 3.
- I The relative standard deviation (RSD) of the experimental data was calculated to
Density 1.03 +0.02 kg.I be <6.28%. The initial rate constants (k, min™) were calculated from the
pH . 6.50-8.00 decomposition data (Table 3) using linear first-order model (Eg. 6) and also used
Alkali content =10% as a response in the statistical evaluation of data (Table 3).
Chloride <0.1%
[H20,] = [H,0;]¢.e7"* (6)
where; [H20;] - instant concentration (or decomposition ratio) of H,0,
[H20,]o - initial concentration (or decomposition ratio) of H,O,
k - initial rate constant (min~?)
t - time (min.)
Table 3 Central composite design (CCD) with experimental conditions and corresponding results for decomp
osition rates (%) of H,0, at different time intervals (5-180 min.) and initial rate constants (k, min™) ([H,0,]o: 0.5 M)
No pH Cu(]ll) T?,mp Decomposition of H,0O, (%0) cossi?nt,
AR €O "smin  15min _ 30min __ 60min _ 9min __ 120min __ 150min _ 180min _ k.10°min®
1 0.8 2 32 1.77 1.77 1.77 1.77 1.77 1.77 1.77 1.77 1.02
2 3.2 2 32 4.76 4.76 4.76 9.74 9.74 12.2 147 22.1 1.08
3 0.8 8 32 171 171 1.71 171 171 1.71 171 171 3.44
4 3.2 8 32 2.20 7.07 16.8 24.1 38.6 43.4 50.7 53.1 4.42
5 0.8 2 68 125 104 11.0 171 27.8 42.9 48.3 55.8 4.25
6 3.2 2 68 85.0 90.0 90.1 87.8 90.4 96.7 96.7 96.8 379
7 0.8 8 68 0.98 2.93 8.53 31.6 51.6 93.5 94.7 95.1 8.10
8 3.2 8 68 85.0 85.1 85.2 85.4 88.0 90.0 90.1 90.2 379
9 0,0 5 50 3.93 4.16 451 5.21 10.8 11.5 21.7 22.3 1.32
10 4.0 5 50 725 775 85.0 85.1 87.7 89.2 90.2 98.9 258
11 2.0 0 50 0.87 2.61 7.92 8.60 9.28 124 13.0 16.0 0.88
12 2.0 10 50 7.38 7.61 12.9 35.6 458 55.8 60.9 68.2 6.41
13 2.0 5 20 2.14 2.14 2.14 2.14 2.14 2.14 2.14 2.14 4.32
14 2.0 5 80 80.0 91.2 915 91.9 91.8 92.0 92.1 93.1 322
15- 20 5 50 244 7.28 14.2 235 335 47.7 51.2 58.3 4.89
20 +0.00 +0.46 +1.25 +0.50 +1.30 +1.85 +1.36 +2.43 +0.28
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Linear regression analysis was used to calculate the rate constants (k). High
correlations (R>>0.91, except Exp.1 with R?>=0.57) showed the consistency of
experimental data with the model (Eg. 6). Previous researchers [40] also
confirmed that decomposition of hydrogen peroxide follows first-order reaction
kinetics.

Analysis of variance (ANOVA) was applied to test the significance of regression
terms (i.e. parameters) using P-values (Table 5). All the regression models were
statistically significant even at a confidence level of 99.9% (@=0.001). Linear
(main) effects of pH and temperature on decomposition of peroxide at different
periods and decomposition kinetics were statistically significant at the same
confidence level of 99.9% (0=0.001) (Table 5). A positive mode of effect (Table
4) indicates that increasing the pH and temperature facilitates the rate and extent
of decomposition of peroxide. The effect of copper on the extent of
decomposition was not statistically significant during the initial periods of 5-30
min. at 95% confidence level (0=0.05) (Table 5). However, over extended
periods (>60 min.), its effect became significant (Table 4). No significant effect
of copper (i.e. P<a=0.05) was detected on the decomposition kinetics (Table 5).
The quadratic effects of pH (A2) and temperature (C?), and their interaction effect

Table 4 Regression coefficients of the mathematical models

(AC) on the decomposition rate and extent of H,O, were found to be statistically
significant at 95% confidence level (0¢=0.05) between the periods of 5 and 90
min. (except for 90 min. which is significant at 90% confidence level (0=0.1))
(Table 5).

The surface plots (Figs. 1 and 2) illustrate simultaneous effects of parameters on
each response (i.e. decomposition extent (%) at 180 min. and rate constant (K,
min™)). High temperature and high pH appeared to aggravate the rate and extent
decomposition of hydrogen peroxide (Figs. 1-2). Simultaneously, elevating the
levels of pH, temperature and copper was found to produce a synergistic adverse
effect on the stability of hydrogen peroxide. It is also evident from the surface
plots that decomposition of hydrogen peroxide (Fig. 1) also increases with
increasing the concentration of copper though its effect on the decomposition rate
is relatively limited (Fig. 2). Mlasi et al. [40] investigated the effect of copper on
the decomposition of hydrogen peroxide under the conditions of 1 M H,SO, at
67°C. The researchers found that increasing the addition of copper sulphate by 4-
fold led to a 1.74-fold increase in the rate of decomposition of hydrogen
peroxide.

Regression Coefficients

Terms Decomposition of H,0, (%) coigttaent
5 min 15 min 30 min 60 min 90 min 120 min 150 min 180 min k (min?)
Constant 2.61 7.50 14.46 23.69 33.65 46.56 49.31 53.35 5.11
A-pH 20.16 21.49 22.64 21.18 20.00 17.08 16.18 17.33 86.33
B-Cu(ll) -0.23 -0.13 0.95 5.25 8.17 10.84 11.43 11.09 1.38
C-Temp. 22.26 23.65 23.44 24.58 26.12 30.38 30.19 30.20 94.85
AB 1.12 0.61 1.21 -0.31 0.35 - - - -0.37
AC 19.13 19.17 17.20 11.77 6.76 - - - 93.18
BC -1.11 -1.84 -2.43 -0.28 -0.93 - - - -0.24
A 11.56 10.42 9.18 6.28 4.91 - - - 42.65
B’ -0.48 -2.21 -2.97 -1.88 -2.77 - - - -1.89
c? 12.58 12.49 9.90 6.94 4.11 - - - 54.50
R? of the model 0.99 0.99 0.98 0.97 0.97 0.90 0.91 0.90 1.00
Table 5 Statistical significance of the effect of parameters and interactions on decomposition rate and extent of hydrogen peroxide (%)
P - values
Source Decomposition of H,O, (%) coﬁ?tt:n t
5 min 15 min 30 min 60 min 90 min 120 min 150 min 180 min k (min™)
Model < 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
A-pH < 0.0001 <0.0001 <0.0001 < 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
B-Cu(ll) 0.8343 0.9255 0.5609 0.0155 0.0025 0.0024 0.0012 0.0026 0.6405
C-Temp. < 0.0001 <0.0001 <0.0001 < 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 < 0.0001
AB 0.4465 0.7392 0.5690 0.8977 0.8990 - - - 0.9241
AC < 0.0001 <0.0001 <0.0001 0.0005 0.0295 - - - <0.0001
BC 0.4526 0.3274 0.2649 0.9063 0.7334 - - - 0.9505
A? < 0.0001 <0.0001 0.0001 0.0050 0.0330 - - - <0.0001
B? 0.6592 0.1274 0.0811 0.3102 0.1938 - - - 0.5150
c? < 0.0001 <0.0001 <0.0001 0.0027 0.0652 - - - <0.0001
R? of the model 0.99 0.99 0.98 0.97 0.97 0.90 0.91 0.90 1.00
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Figure 1 Response surface plots demonstrating the simultaneous effects of
parameters on the extent of decomposition of H,O, (at 180 min.) (the third
parameter was held at centre level), (a) pH and concentration of Cu(ll) (AB), (b)
pH and Temperature (AC); (c) Concentration of Cu(ll) and Temperature (BC)
([H202]o: 0.5 M)
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Figure 2 Response surface plots demonstrating the simultaneous effects of
parameters on the decomposition kinetics of H,0, (k.10° min™) (the third
parameter was held at centre level), (a) pH and concentration of Cu(ll) (AB), (b)
pH and Temperature (AC); (c) Concentration of Cu(ll) and Temperature (BC)
([HzOz]o 0.5 M)

Considering the prime importance of temperature for the stability of hydrogen
peroxide (Table 5), the activation energies (E,) were calculated using Arrhenius
equation based on the data obtained in the absence and presence of PBS (2.5-20
ml.I"") (Fig. 3). The mean value for the activation energy was 60.7+2.5 kJ.mol™
indicating a chemically controlled process (i.e. E;>25 kJ.mol™) [41].

Decomposition of peroxide under neutral and alkaline conditions (pH 7.3-11.8)
was also tested separately (Fig. 4). Elevating the pH from neutral to alkaline led
to a decrease in the stability of peroxide particularly at >pH 9.8. While only
<7.4% of peroxide decomposed at <pH 9.8 over 180 min., it increased to 39% at
pH 11.8. Under alkaline conditions, hydrogen peroxide decomposes according to
Eqg. 6 [3].

HzOz (aq) — H+ + HO{ (6)

1 _ @ No Additive
¢ | e re=009828 ®2.5 mL/L PBS
! 420 mL/L PBS
21

-

ER
54
64 R2=0.9974
a4
-8 : : f : f . f
0.0028 0.003 0.0032 0.0034

UT (K

Figure 3 Arrhenius plots (In K vs. K™) for decomposition of hydrogen peroxide
in the absence and presence of PBS (2.5-20 ml.I™*) (pH 4, 5 g.I" Cu(ll), [H20]e:
0.5 M)

Consistent with the current findings (Fig. 4, Table 4-5), Yazici and Deveci [27]
reported that increasing the concentration of copper (10-40 mg.I* Cu), solids
ratio (0-4 w/v), temperature (20-50°C) and pH (9.5-12) resulted in the increased
consumption of hydrogen peroxide. Lee et al. [42] compared the effects of NaOH
and Na,CO; for pH adjustment (pH 10.0-10.6) on the stability of hydrogen
peroxide over 2 h. They found that hydrogen peroxide was relatively less stable
in carbonate media since carbonate (or bicarbonate) anion promotes
decomposition of hydrogen peroxide. They concluded that NaOH is a more
suitable pH-modulating reagent than Na,COs.

100

m pH2 ¢ pH 4 A pH73

80

60

©-pH 9.8 ® pH 118

40

20

Decomposition of H,0, (%)

0 30 60 90 120 150 180
Time in minutes

Figure 4 Effect of acid, neutral and alkaline pHs on the decomposition of H,0,
(%) ([H202]o: 0.5 M, no Cu(II), 20°C)

Effect of solids

The effect of solids on the stability of hydrogen peroxide is of practical
importance since solids are present in many processes (e.g. leaching of
ores/metals and or treatment of pulps/effluents) where peroxide is used as an
effective oxidant [6,7,16,43]. The effect of solids (1-20% w/v) on the stability of
hydrogen peroxide was investigated under different pH and temperature
conditions. At 20°C, the effect of solids on the decomposition of hydrogen
peroxide was limited to only <5% at pH 2-4 over 180 min. (figure not shown).
These results suggested that hydrogen peroxide is quite stable at low
temperatures (i.e. 20°C) and acidic pHs (<pH 4) even in the presence of solids by
up to 20% wi/v. However, at high temperatures (e.g. at 80°C) a two-fold increase
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in the loss of hydrogen peroxide was observed in the presence of solids (10 w/v)
i.e. from 21% (no solids) to 42% (10% wi/v solids) over 180 min. (Fig. 5). Yazici
and Deveci [27] studied the effect of solids (1-4% w/v quartz) on the
decomposition of hydrogen peroxide at an alkaline pH of 10.5-11. The
researchers found that an increase in the concentration of solids from none to 4%
w/v resulted in a 27% loss of hydrogen peroxide at 180 min.
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Figure 5 Effect of solids on the decomposition of H,0, (%) at pH 2 and 80°C
([H202]o: 0.5 M, no Cu)

Effect of addition of the polycarboxylate based solution (PBS)

The influence of a polycarboxylate based solution (PBS) as the additive on the
stability of hydrogen peroxide was tested in the absence/presence of copper (5
g.I") under different experimental conditions of pH (2-4) and temperature (20-
80°C) (Figs. 6-8). The addition of PBS significantly prolonged the rate and extent
of decomposition of hydrogen peroxide in the presence of copper (Figs. 6-7).
This improvement was more apparent at low-temperature conditions (i.e. 20°C)
(Fig. 6b) than at high temperatures of 50-80°C (Fig. 6a,c and Fig. 7a,b). To
exemplify, in the presence of copper (5 g.I"") at pH 4 and 20°C, the addition of
PBS at the dosage of 2.5 mLI™* led to a 56% decrease (from 73% to 17%) in
consumption of hydrogen peroxide over 180 min. (Fig. 6b) while only 9% (from
99% to 90%) (Fig. 6¢) and 0.4% (from 99.4% to 99.0%) (Fig. 7b) reduction in
the decomposition of hydrogen peroxide was obtained at 50°C and 80°C,
respectively, over the same period.

In the presence of 5 g.I"" Cu at pH 2 and 50°C, increasing the dosage of PBS (>
2.5 ml.I"Y) was sufficient for stabilisation of hydrogen peroxide (Fig. 6a) while
under highly aggressive conditions (i.e. pH 4 and 80°C) even at 20 ml.1" dosage
most of the peroxide (i.e. 97%) was consumed in 60 min. (Fig. 6b). At 80°C an
extensive decomposition of hydrogen peroxide (by >88% at 60 min.) occurred
even at the highest concentration of PBS tested (20 mlLI™%) (Fig. 7). It can be
deduced from these results (Figs. 6-7) that under severe conditions i.e. at high
levels of pH, temperature and copper, stabilising the effect of PBS on hydrogen
peroxide becomes limited.

The contribution of PBS to the stability of hydrogen peroxide (Figs. 6-7) could be
linked with the complexing ability of polycarboxylates with copper reducing the
reactivity of copper ions [44,45]. It is pertinent to note that the addition of PBS
was observed to lead to a change in the colour of the solution from blue to green,
which is indicative of the formation of copper-polycarboxylate complexes. In a
previous work by Bas et al. [46], the addition of PBS in cyanide leaching of a
copper-rich gold ore resulted in reduced consumption of free cyanide by 39%.
The authors attributed this effect to the complexation of copper with
polycarboxylates, which reduces the formation of copper-cyanide complexes.

The decomposition of hydrogen peroxide was also monitored in the absence of
copper at pH 2 (50-80°C) and pH 4 (20-50°C) with/without the addition of PBS
(2.5-20 ml.I"). Hydrogen peroxide decompositions (%) was recorded to be 18.1%
(pH 2, 50°C), 21.2% (pH 2, 80°C), 5.0% (pH 4, 20°C) and 16.4% (pH 4, 50°C)
over the period of 180 min. in the absence of PBS (figure not shown). The

addition of PBS (2.5-20 ml.I") had no effect on the stability of peroxide under the
conditions tested. It can be inferred from these findings that the contribution of
PBS to the stability of peroxide is essentially linked with the impediment of the
catalytic effect of copper.
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Figure 6 Effect of addition of polycarboxylate based solution (PBS) on the
decomposition of H,0, (%) in the presence of 5 g.I"* Cu(ll) at 20-50°C (a) pH 2,
50°C, (b) pH 4, 20°C, (c) pH 4, 50°C ([H20,]o: 0.5 M)
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Figure 7 Effect of addition of polycarboxylate based solution (PBS) on the
decomposition of H,0, (%) in the presence of 5 g.I" Cu(Il) at 80°C (a) pH 2, (b)

Demonstration of PBS addition in hydrogen peroxide leaching of e-waste

Hydrogen peroxide can be suitably used as an oxidant for leaching of base
(mainly Cu) and precious metals (Au, Ag and Pd) in sulphate/chloride media
from waste electrical and electronic equipments (WEEE or e-waste) [43,47-49] in
which copper content can reach up to 20% [10,50]. During leaching of e-waste,
copper, as well as other metals, would dissolve and facilitate catalytic
decomposition of hydrogen peroxide, which may result in low metal recoveries
and high reagent consumption. Therefore, stabilisation of hydrogen peroxide is of
practical importance in hydrogen peroxide leaching of e-waste.

To demonstrate the practical application of PBS for a real process, leaching tests
in H,SO,+H,0, solutions were performed using the waste of printed circuit
boards (WPCBs) in the absence and presence of PBS (Fig. 8). Effect of PBS (1.3-
6.7 mLI*) on the extraction of copper from WPCBs was tested under the
conditions of 1 M H,SO,4, 1 M H,0,, %1 wi/v solids at 80°C. In the absence of
PBS, copper leaching was limited to *81% over the period of 0.25-0.5 h (Fig. 8).
The addition of PBS led to a significant improvement in extraction of copper by
up to 19% i.e. from ~81% (no PBS) to complete extraction (6.7 ml.I* PBS) over
0.25-0.5 h. The enhancing effect of PBS on copper leaching (Fig. 8) can be
essentially ascribed to the stabilisation of hydrogen peroxide through
complexation of PBS with metals, copper in particular (Egs. 2-3). Final redox
potentials also indicated the contribution of PBS to stabilisation of hydrogen
peroxide in that higher redox potentials were recorded in the presence of PBS i.e.
277 mV (no PBS) vs. 297 mV (1.3 mLI* PBS) vs. 316 mV (6.7 mL.I"* PBS) (Fig.
9) apparently due to the relatively high residual concentration of hydrogen
peroxide in the presence of PBS. These results (Fig. 9) justify that PBS can be

suitably employed to enhance leaching of metals in hydrogen peroxide assisted
lixiviant systems.
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Figure 8 Effect of addition of PBS on extraction of copper from WPCBs in
H,S0,+H.0; solutions ([H,SO,]: 1 M, [H,02]o: 1, 80°C, %1 w/v solids)
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Figure 9 Initial and final redox potentials (Eagagc, mV) in leaching of copper
from WPCBs by H,SO,+H,0; solutions in the absence and presence of PBS (1.3-

6.7 mLI™)
CONCLUSION

Due to superior oxidising potential and its consideration as green chemical,
hydrogen peroxide is extensively utilised in various industries. However, the
main detraction to hydrogen peroxide is its catalytic decomposition leading to
prohibitively high reagent consumption. The effect of various parameters i.e. pH
(0-4), the concentration of Cu(ll) (0-10 g.I") and temperature (20-80°C) on the
rate and extent of decomposition of hydrogen peroxide was studied using design
of experiments at five levels. The tests were extended to cover the effect of
neutral and alkaline pH of 7.3-11.8) and solids (1-20% wi/v). A commercial
polycarboxylate based reagent (PBS, 2.5-20 ml.I"") was tested as the additive to
improve stability of hydrogen peroxide in the absence/presence of copper. The
results have demonstrated that decomposition of hydrogen peroxide aggravates
with increasing temperature, pH and copper in descending order of significance.
The calculated activation energy (E,) of 60.7+2.5 kJ.mol™ for decomposition of
H,0, indicates a chemically controlled reaction. The presence of solids was also
found to adversely affect the stability of hydrogen peroxide, particularly at high
temperature of 80°C. The addition of PBS was shown to significantly mitigate
the catalytic decomposition of hydrogen peroxide in the presence of copper i.e.
58.3% decomposition of peroxide (no additive) compared with to 20.1% (at 2.5
ml.I"* additive) in the presence of 5 g.I" Cu(Il) at pH 2 and 50°C over 3 h.
However, stabilising effect of PBS even at high dosages tested (20 ml.I") was
very limited at high pH and/or temperature. Contribution of PBS to the stability
of H,O, was observed only in the presence of copper. This was attributed to the
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complexing ability of PBS with copper. The beneficial effect of PBS (1.3-6.7
mlLI") on H,0, leaching of copper from a waste of printed circuit boards
(WPCBs) was also demonstrated i.e. up to 19% improvement in leaching of
copper in the presence of PBS. These findings suggest that PBS can be suitably
employed to mitigate catalytic decomposition of H,0, in the presence of copper
in applications where it is utilised.
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ABSTRACT

In this paper we report about the possibility to process stainless steels by laser powder bed fusion (L-PBF) systems. Austenitic stainless steels are analysed showing the
possibility to successfully process them, targeting different applications. In particular, it is shown that stainless steels can be successfully processed and their
mechanical behaviour allow them to be put in service. Porosities inside manufactured components are extremely low and comparable to conventionally processed
materials. Mechanical performances are even higher than standard requirements. Micro surface roughness typical of the as-built material can act as crack initiator,

reducing the strength in both quasi-static and dynamic conditions.

Keywords: Stainless steels; laser powder bed fusion; additive manufacturing

INTRODUCTION

Stainless steels are nowadays applied in quite different applications due to their
peculiar properties in terms of strength/ductility requirements coupled with
corrosion resistance high targets. In particular, they are adopted in automotive [1-
10], construction and building [11-12], energy [13-15], aeronautical [17], medical
[18], food [19-24] and 3D printing [25-29] applications. Additive manufacturing
(AM) is an emerging technology able to manufacture near-net-shape components
characterized by complex geometries. AM is particularly suited for small
production amounts, in particular in those cases requiring part-customization and
functional integration: this is why it first emerged as a rapid prototyping
technology. The adoption of AM technologies resulted in new production
paradigm [30-33] since the designer is now able to project a component, or
customize the geometry of an already-existing one, taking into account the final
service conditions. At the meantime, AM allows to simplify components
assembly by merging different parts in one single monolith.

The possibility to manufacture stainless steel components in laser powder bed
fusion (L-PBF) systems, accomplished with a deeper methodology
understanding, will result in a larger adoption of the technology itself. Nowadays
L-PBF has been already applied to manufacture stainless steel components, but a
basic lack in standardisation and correct metrology definition is limiting the
possibility to adopt such technology for standard production: for this reason
international committees are joining together to accelerate the process. The
challenge is to consistently define the ideal processing routes and requirements,
standard mechanical requirements, suitable heat treatments, dynamic
performances, post-processing and qualification needs. This paper will focus on
the state of the art of stainless steel alloys application in L-PBF systems: starting
from the working conditions a list of stainless steel grades already tested on L-
PBF systems is reported with their main properties.

Austenitic stainless steel processing in L-PBF system

Stainless steels are worldwide adopted following their peculiar properties
combination (both at room and high temperature) thanks to their chemical
composition and microstructural details. In L-PBF, the correct steel chemical
composition is guaranteed by a wise manipulation and correct storing of adopted
metal powders, mainly to avoid the oxygen presence; on the contrary,
microstructural features (e.g. grain size, precipitation state) are achieved by 3D
printing parameters. In particular, final product microstructure depends on the
local heat flow direction, grains competitive growth and laser scanning strategy.
Typical cooling rates are in the range 105-106 K/s [34] following the gas
atmosphere heat exchange with the not yet fused powder and the underneath
material already consolidated: the so obtained solidified microstructure is fine
and far from that provided by thermodynamic equilibrium. Moreover, laser

scanning strategy impacts on the material texture: for example, in the case of no
rotation between subsequent layers during scanning, the as-built material will be
characterized by a strong <0 0 1> texture as a preferential grain growth direction
this will lead to a strongly orthotropic steel behaviour. On the other side, if
powder bed is scanned in small islands, also non-consecutive, and rotation of
laser between different layers is adopted, an almost untextured microstructure is
achieved. Elongated grain structure, along z-direction (according to Figure 1), is
due to both heat extraction from the bottom side of the melt pool (i.e. building
substrate) and epitaxial grain growth, like fusion welding. In L-PBF the existing
base-metal grains (i.e. the grains existing in the last melted layer) act as substrate
for nucleation. Moreover, if subsequent layers are melted, this will cause
reheating of the already consolidated material, determining solid state phase
transformations.
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Fig.1 Schematics of commonly projected building directions for tensile
specimens.

The particular microstructures coming from the above reported physical
phenomena determine different mechanical behaviour as a function of the tested
direction or on the service loading condition. This is the reason why the best rule
is to produce tensile specimens with their main axis oriented along different
directions, as schematised in Figure 1: vertical specimens (V) are representative
of commonly identified longitudinal direction, while horizontal specimens (H) of
transversal direction. The above reported peculiar metallurgical behaviour of
materials produced via AM, led Murr et al. [35] to affirm that such methodology
could extend traditional materials science and engineering, as far as allowing

planning application-specific microstructural architecture in as-built components.
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RESULTS

Just a few austenitic stainless steel grades are nowadays manufactured by L-PBF
process: AISI 304, AISI 304L and AISI 316L are the most common ones, the
latter being the only one of them commercialized by systems manufacturers.

In Table 1 tensile testing results are reported and compared to standard minimum

requirements, showing that:

e room temperature properties result higher than the minimum requirements
usually applied for the selected stainless steel grades processed with
conventional technologies, apart from fracture elongation;

o fracture elongation is the most negatively affected parameter, for samples
tested in the as built condition;

Table 1 Tensile strength of austenitic stainless steel grades obtained from L-PBF,
compared to standard reference values (BD= Building Direction; YS=
Yield Strength; UTS= Ultimate Tensile Strength; El.= Elongation; SD=
Self-developed; NR= Non reported; RT= Room Temperature; HT= Heat
Treated; H= Horizontal; V= Vertical).

Relative density Test YS uTs
Grade Equipment Cond. BD
[%] cond. MPa [MPa]
H 330 700
304 SD NR As built 45° RT 370 340
v 450 350
3D Systems ProX- N
304L 99.99 Asbuilt - RT 485 712
300
SLM  Solutions HT -
316L 95.99 - 99.30 v RT 376 637
125HL 1040°C/dh
H 528 639
SLM i
3l16L . >99 As built 45° RT 390 699
Solutions 280HL o
v 439 512
Sisma 45° 505-515 650
316L 993 - 100 Asbuilt RT
MYSINTL00 v 430-495 550-575
316L Renishaw AM250 | NR As built H RT 554 685
RT 456 703
250°C 376 46l
316L NR NR Asbuilt
1100°C - 300
1200°C - 150

0

Figure 2 OM micrographs showing the microstructure of 316L samples
fabricated at 200 W laser power, using different scanning strategies,
(a) Meander; (b) Stripe; (c) Chessboard with 5 x 5 mm islands; (d)
Chessboard with 1 x 1 mm islands. Z specifies the building
direction.

Microstructural assessment of AlISI304 and AISI316L grades showed that all

samples are characterized by columnar grains (Figure 2, Figure 3 and Figure 4),

independently of the alloy and of lased power scanning strategy (Figure 2 and

Figure 3).

Some fatigue resistance results are reported in Table 2. Results show a beneficial

machining operation effect, in particular in the case of high cycle fatigue (more

sensitive to surface conditions or to the presence of cracks). On the contrary a

negligible effect of surface roughness reduction is found in the case of low cycle

fatigue tests. Microstructural characterization of both AIS 304 and AISI 316L

grades allowed to state that:

. grain size does not depend on scanning strategy, once same laser power is
kept constant (see Figure 2);

. grain size decreases with laser power decrease (Figure 3);

. as-built grains are show needle-like structures with medium size 500-800
nm and a high aspect ratio. These grains are oriented along different
direction also if a single weld bead is considered (Figure 5).

35 (d)

Grain width (pm)

110 140 170 200 230
Laser power (W)

Figure 3 OM micrographs of L-PBF 316L microstructure produced at different
laser powers, (a) 200 W; (b) 170 W; (c) 140 W; (d) grain width
correlation to laser power values. Z specifies the building direction.

- 2 Boawt |
Build direction

Figure 4 OM showing L-PBF 304 stainless steel microstructure, (a) along
vertical cross section - heat flow effect is evident in the build direction
and (b) nearly equiaxed grains in the planar direction, coincident to the
layer top view.




Di Schino et al. in Acta Metallurgica Slovaca

Dol WO =1 s0um

ActV  Spot Magn MoV Spotlagn - Outs Wit (0
200KV 40 1200x - SE 112 E/ N7

200340 5500 8

eV St M ol W el G
200KV ED 35004 SEte \ »‘\_‘

3 Ac;v.éw'm
200850 9606

Figure 5 SEM micrographs showing the microstructure of 316L samples (laser
power at 200W), (a) within a weld bead; (b) at the bottom region of
(a); (c) grain structure beyond two layers; (d) grains in two adjacent
weld beads. Red arrows point out grain growth direction. Z specifies
the building direction.

Table 2 Fatigue endurance limits of L-PBF 316L samples, under different

loading and surface conditions.

Alloy Fatigue endurance at R Surface condition Ra [pm]
10° cycles [MPa)

316L 130 -1 As built 13,29
316L 170 -1 Vibratory finished 1,74
316L 240 -1 Turned 1,08

316L 200 0,1 As built 10,0

316L 256 0.1 Machined 04

316L 269 0,1 Polished 0,1

316L 108 -1 As built NR

316L 267 -1 Turned NR

CONCLUSIONS

The possibility to process austenitic stainless steel grades by L-PBF has been
reported. The exploitation of L-PBF technique allows to obtain relevant benefits
if the following issues are required:

e artefacts weight reduction;

e  easy customization;

e complex internal features manufacturing.
The above listed advantages are quite important for stainless steel grades. In this
frame, the adoption of L-PBF will manifest in a large material saving and
efficiency improvement in many applications including biomedical devices and
power production plant. L-PBF is particularly suggested for additive
manufacturing stainless steels following its capability to manufacture complex
features with a good compromise in terms of costs and times, without losing low
oxides contamination.
The paper showed that austenitic stainless steel alloys are satisfactorily processed
by L-PBF. Further, the obtained mechanical properties target stainless steels
requirements for several applications. High mechanical properties are targeted
since the porosity level achieved by L-PBF is quite low and comparable to
conventionally processed materials.
The analysis of listed tested alloys, relative metallurgical microstructures and
tensile strengths reveals that only a few stainless steel grades are actually
processed by L-PFB. This item defines the path for further researches and
exploitation.
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ABSTRACT

Surface engineering is important for carried out to improve the quality of the surface layer of the material. It is important that in special applications of corrosion
resistant steel, low surface roughness is obtained. Duplex stainless steel is becoming more widely used for example in the petrochemical industry or shipbuilding.
Duplex stainless steel is a material classified as difficult-to-cut. It is therefore important to investigate the impact of machining parameters on the durability and wear of
a cutting tool. In the paper has determined the influence of variables machining: feed rate, depth of cut, cutting speed, on the maximum tool flank wear. Surface
machining was carry out with carbide tipped inserts. The criterion of the smallest roughness and the highest wear was proposed.

Keywords: duplex stainless steel; machining; flank wear; cutting tool; surface layer

INTRODUCTION

Stainless steels currently enjoy high interest shows that every year takes place a
few percent increase in production. Differentiation of properties, depending on
the chemical composition, microstructure, quality of the surface layer, constantly
expand the application areas of these materials. A special group are ferritic-
austenitic steels (duplex steels hereinafter) whose development allows to increase
the durability of machine parts exposed to erosion and corrosion wear.

The combination of high mechanical strength, high corrosion resistance and
relatively low cost compared to similar materials, contributed to making duplex
stainless steels one of the fastest growing groups of stainless steels. The duplex
stainless steels are two-phase chromium-nickel-molybdenum-iron alloys in which
the proportions of the components allow optimization of the equilibrium of the
volume fractions of austenite and ferrite [1-13]. Two-phase stainless steel is
considered to be difficult-to-cut materials. It is therefore important to determine
the cutting edge wear [4-6, 10, 14]. The wear of the turning tool occurs on all
surfaces with direct contact with the workpiece material and is manifested by the
loss of the tool material. The most frequently determined are indicators of wear
of a turning knife-edge, such as: flank wear (VB) and distance between primary
cutting edge and the most distant - crater wear (KB).

EXPERIMENTAL MATERIALS AND METHODS

Two-phase stainless steels known as duplex by treatment have physical
properties similar to those of the ferritic steels, while, due to the chemical
composition and resistance to corrosion are similar to austenitic steel. The
experimental research was carried out in the Laboratory of Department of Marine
Maintenance of the Faculty of Marine Engineering of the Gdynia Maritime
University. The external cylindrical surfaces were prepared for machining
process by universal turning lathe.

Cutting parameters were selected based on own research for longitudinal turning:
feed rate f = 0.1 = 0.2 mm/rev, depth of cut a, = 0.5 mm, cutting speed v, = 50 +
100 m/min, on the maximum tool flank wear VB. Surface machining was carry
out with inserts CCMT where all are made of sintered carbides of the 2025 grade.
The criterion for selecting the right cutting-tool inserts geometries for very
precise machining was the arithmetic mean of the ordinates of the surface
roughness profile (Ra= 0.16 + 1.25 pm) and maximum tool flank wear (VB =
200 pm).

Throughout of the longitudinal turning of samples with duplex stainless steel
(DIN EN 1.4410, PN-EN X2CrNiMoCuN 25-7-4, AISI 2507) (Table 1.) is
usually short durability of the cutting inserts.

It is therefore important to determine the length of spiral cutting. Length of spiral
cutting is a constant (Lsc = 9.5 m) and useful to the insert, geometry, and grade,
depth of cut and material that shall be subject machined and can be calculated
from the formula:

MDD, Iy
¢ 71000 f

()
where: Dr [mm] - the diameter of the workpiece in the machined surface,
I [mm] - length of the cutting surface,

f [mm/rev] - feed rate.

Surface roughness were measured using a profilometer Hommel Tester T1000.
Parameters measurements were performed to the principles contained in I1ISO
standards EN 1SO 4287 and EN 1SO 13565.

Table 1 The chemical composition and mechanical properties for samples of
duplex steel DIN EN 1.4410, PN-EN X2CrNiMoCuN 25-7-4, AlSI 2507

C Cr Ni Mo | Mn | Si N S P

[%] [%] [%] [%] | [%] | [%] | [%] [%] [%]
0.03 25.0 7.0 4.0 2.0 1.0 0.35 0.015 0.035
Rpo2 Rm Rm As HV E p A Cw
[MPa] | [MPa] | [MPa] | [%] [GPa] | [kg/dm®] | [W/m-s'K] | [J/kgK]
550 750 1000 15 310 | 200 7.8 15 500

Observation and measurement of the tool wear after turning of duplex
stainless steel samples was carried out using Scanning Electron Microscopy
EVO MA 15 (Fig. 1). The Scanning Electron Microscope Zeiss EVO MA 15 is a
device designed for examining the microstructure of solids. The device allows the
imaging electron samples with a resolution of 3 nm at 30 kV. The range of
possible magnification range from 5 to 1 000 000 times. The microscope enables
the observation of samples with a mass up to 500 grams (at full mobility of the
microscope table in XYZ directions) or up to 5 kilograms (then the table motion
is limited to the XY axis directions). The microscope enables observation of
samples as well as measurements of geometric quantities. The microscope is
additionally equipped with an EDS analyzer. Energy Dispersive Spectrometer
(EDS) XFlash 6/30 by Bruker extends the research possibilities of scanning
electron microscopy with accurate and fast chemical analysis (qualitative and
quantitative) of the observed surface of metallographic specimens.

DOI: 10.36547/ams.26.1.306
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Fig. 1 Scanning Electron Microscopy EVO MA 15

RESULTS OF RESEARCH

After turning finishing duplex stainless steel, it was determined that the
machining parameters affect the surface quality and knife wear. A number of
roughness parameters have been defined. The smallest values of the parameter
arithmetical mean deviation of the roughness profile Ra = 1.55 pum were
determined after turning with the cutting insert CCMT 09T308-UM 2025 for the
cutting parameters: v;=70 m/min, f=0.2 mm/rev, a,=0.5 mm.

Even smaller values of the Ra = 1.05 um parameter were determined
for the cutting parameters: feed rate of f = 0.1 mm/rev, with a constant cutting
speed v, = 70 m/min and depth of cut a,=0.5mm, using a CCMT 09T304-UM
cutting insert carbides of the 2025 grade with a CVD Ti(C,N)/Al,O4/TiN
(2um/1.5um/2pm) [14].

The cutting inserts were characterized by the following features: cutting edge EHT=10.17KY  SignalA=SE1 Dato :12 Mar 2019 W
angle «,= 90° tool included angle & = 80° rake angle y= 6° and y= 7°, flank = e 14

angle o= 7° nose radius r.= 0.4 mm and r.= 0.8 mm. For this turning tool, the
smallest flank wear VB = 36 um and crater wear KB = 18 um was obtained
(Fig.2). The surface roughness reduction ratio was equal to Kg, = 3.21, which is
the highest value among the presented scope of research.

The wear of cutting edge shown a view from the scanning electron microscope of
the cutting inserts. The condition of used tool point surfaces was assessed using
the corresponding SEM images shown in Figures 2 to 4. You can see the effects
of wear on the rake face and flank. For cutting inserts with nose radius 0.8 mm
the built-up edge with the clash of the major flank can be observed. However, on
the cutting insert with a radius of 0.4 mm there is slight wear in the form of
abrasive wear.

EHT = 10.00 kY Signal A= SE1 Date ;12 Mar 2019
WD = 11.5 mm Mag= 480 % Time :11:10:36

Fig. 2 The microscopic view of flank (a) and rake face (b) wear for CCMT
09T304-UM 2025 cutting insert
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09T308-MM 2025 cutting insert

The wear was measured using software dedicated to microscopy and the results
are shown in the Table 2. The arithmetical mean deviation of the roughness
profile of the surface and maximum height of profile average value of the five
measurement was shown in Table 2 and Figures 5.

Table 2 The measurements of the parameter of surface roughness for inserts used
for turning cylindrical samples and example indicators of wear of a cutting edge

No Insert f Ve Rz Ra Kra VB KB
samples Shape [mm/rev] | [m/min] | [@m] | [em] | [] [pm] | [am]
08-
Signal A= SE1 Oat 12 War 2019 MM- 0.2 100 919 | 193 | 1.71 | 2417 | 1209
Photo No. = 224 Time :13:49:39 100 CCMT
08- 09T308-
MM-70 MM 0.2 70 841 | 164 | 214 | 1941 | 97.1
MR/?_’EO 0.2 50 1197 | 231 | 1.43 | 292.2 | 146.1
OSigg"' 0.2 100 | 755 | 153 | 216 | 1114 | 557
og-um- | SEMT
20 09T308- 0.2 70 744 | 155 | 213 | 96.4 | 482
UM
OB'S%M' 0.2 50 795 | 163 | 202 | 1412 | 706
0 1 comr 0.2 70 | 1385 | 303 | 100 | 647 | 323
0a-UN— ] 09T304-
2041 uMm 0.1 70 533 | 1.05 | 321 | 359 | 17.9
b) — Wﬂ:_1l:5mm Sx:rn/;-ib ?::'fzzg;!liow ﬁ R - profil, pm
Fig. 3 The microscopic view of flank (a) and rake face (b) wear for CCMT *
09T308-UM 2025 cutting insert 12

el
]

os 1%
osuMT®

No of samples w“"""“

Fig. 5 The arithmetical mean deviation (Ra) and the maximum height of profile
(R2)

100 pm EHT=10.17 kV Signal A= SE1 Date :12 Mar 2019
WD =120 mm Photo No. = 219 Time :13:33:39
a)

The criterion of the smallest roughness and the highest wear was proposed. The
criterion for selecting the right cutting inserts geometries for finishing was the
arithmetical mean deviation of the ordinates of the surface roughness profile,
which should be within the range from 0.16 pum to 1.25 um and the second
criterion is of the maximum tool flank wear 200 pum. It can therefore be
concluded that the tools used for testing meet the wear criterion. The cutting tools
meet the criterion with the exception of insert shape CCMT 09T308-MM (Fig.
6).

After the analysis experimental research can be defined that to achieve a
reduction in surface roughness after the longitudinal turning finishing of the
samples of the duplex stainless steel, should be use with a constant cutting speed
Ve = 70 m/min and depth of cut a, = 0.5 mm for feed rate f = 0.1 mm/rev
for cutting insert CCMT 09T304-UM 2025 where is the smallest flank wear

VB =36 um.

EHT = 10.00 kV Signal A= SE1 Date :12 Mar 2019
b) WD = 9.0 mm Mag= HTX Time :11:03:24

Fig. 4 The microscopic view of flank (a) and rake face (b) wear for CCMT
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Flank and rake face wear, um
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5
& £
e‘fﬁ &
5 o e
No of samples & &

Fig. 6 The flank wear (VB, mm) and rake face wear (KB, mm) for different
inserts

Figure 7 shows the EDS analysis showed that this is a build-up of duplex steel. It
can be seen that determined by EDS analysis of the presence of alloying elements
typical of two-phase stainless steel.

& sample ® Microscope B Scan e eps Report e Project U -
= Home 12303 N 0 i
w547 o 80 1 P .1 20150228 125745 2004eV 612X 290218
0000 _—
o0
v v HY 200K e 1000 px v = 598 s . Report 0

uuuuu e pr— FrT— Quantily e

s amem. 0w ma
- om @z
272 600 U525 FeSL0d Cra2h CAID  NkWT TIZEl Mo256 OLSE AILIS Mabd ST

Fig. 7 The flank wear for CCMT 09T308-UM 2025 cutting insert with an EDS
analyzer

CONCLUSION

In the paper were presented the influence of the geometry of the cutting edge and
machining parameters of duplex stainless steel after finishing turning on the
surface roughness reduction ratio and flank wear.

The turning of external cylindrical surfaces of duplex stainless steel in was
carried out by inserts shape CC09T3 of the grade 2025 with applied coating by
CVD method.

Turning the duplex steel to obtain a smooth surface should be carried out using
the cutting insert for the nose radius r.= 0.4 mm with cutting parameters: feed
rate f = 0.1 mm/rev, cutting speed v. = 70 m/min, depth of cut a, = 0.5 mm.

There arithmetical mean deviation of the roughness profile of the surface after
turning is equal Ra = 1.05 um. Therefore, for the finishing of duplex steel, it can
be proposed insert type CCMT 09T304-UM 2025, where is the smallest flank
wear VB = 36 um and crater wear KB = 18 um and surface roughness reduction
ratio Kgr, = 3.21 was equal.

Only one insert CCMT 09T304-UM 2025 meet the quality criterion, where Ra
parameter is less than the value of 1.25 pum and the wear criterion of the
maximum tool flank wear VB = 200 pum.
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ABSTRACT

Important structural elements are often under the action of constant amplitude loading. Increasing their lifetime is an actual task and of great economic importance. To
evaluate the lifetime of structural elements, it is necessary to be able to predict the fatigue crack growth rate (FCG). This task can be effectively solved by methods of
machine learning, in particular by neural networks, boosted trees, support-vector machines, and k -nearest neighbors. The aim of the present work was to build the
fatigue crack growth diagrams of steel 0.45% C subjected to constant amplitude loading at stress ratios R = 0, and R = -1 by the methods of machine learning. The

obtained results are in good agreement with the experimental data.

Keywords: fatigue crack growth, stress intensity factor, stress ratio, neural network, lifetime, machine learning

INTRODUCTION

Methods of strength and durability evaluation of the responsible structural
elements often need the complicated calculations. Therefore, it is important to
learn how to solve the problems of fracture mechanics by methods of machine
learning, in particular, neural networks (NN), support-vector machines (SVM), k
- nearest neighbors and boosted trees, which allow to achieve high accuracy of
solutions [1 — 4] .

The structural elements are often fractured by fatigue, gradually accumulating
damage. It is possible to observe a small crack which grows under loading. The
fatigue crack is formed mainly at the stress concentrator, that is, the place of
damage, which weakens the cross-section of the material. The crack grows as
long as the material is able to withstand the loading. Therefore, the basic factors
that influence the strength of structural elements are the surface defects of the
parts, temperature and the environment during operation, the nature of loading
and loading conditions [5].

It is known that, the basic parameters characterizing the fatigue crack growth
(FCG) rate da / dN are the stress intensity factor 4K (SIF) and the stress ratio R
[6 — 9]. The fatigue crack growth diagram is usually built in double logarithmic
coordinates Ig da/dN — Ig AK. It has the form of an S-shaped curve limited on the
left by the threshold SIF range AK, and on the right by the critical SIF AKg
(cyclic fracture toughness). The threshold SIF AKy, is determined experimentally.
It is an important characteristic of material resistance to fatigue fracture. The
diagram consists of three regions: region | corresponds approximately to the rate
da/dN =10™...10®m/cycle, in which the rate of the FCG increases significantly
with a slight change of AK. Region Il has the form of a straight line. The rate in
this region is in the range of 10°...10° m/cycle. In particular, it is considered that
here the crack grows evenly for each loading cycle. Region 11l is characterized by
accelerated FCG and corresponds the values of da/dN >10 m/cycle [5]. At high
SIF values, the rate of crack growth is extremely high.

P. Paris and F. Erdogan found out that the FCG rate for metallic materials can be
determined by the SIF [10]. In particular, the formula obtained by them describes
only the second region of the fatigue fracture diagram and does not take into
account the influence of the stress ratio R on the FCG rate [11].

It is known that, with increasing R the FCG rate increases [12-13]. Therefore, the
Walker's equation [2, 14] is used to describe the FCG rate taking into account the
stress ratio R. However, these models don’t take into account the variable regions
of FCG. The Forman's equation [15-16] is used to describe the FCG curve with
high AK values. NASGRO model can describe all parts of the FCG diagram [17].

MATERIAL AND METHODS

Machine learning: Background and Modeling

Progress of modern technology, in particular, high demands for accuracy and
efficiency, have led to the creation of methods that solve a number of important
tasks. Therefore, neural networks, support-vector machines, k - nearest neighbors,
boosted trees are powerful algorithms of supervised learning, which can be used
to predict FCG.

NN consist of a very large, though the finite, number of items that form the input
layer, one or more hidden layers of computational neurons, and one output layer.
The input signal is transmitted over the network in the direction from layer to
layer [18]. Such networks are usually called multilayer perceptrons, which quite
accurately solve different tasks. NN determines the relationship coefficients
between neurons, whereas the computational power of a multilayer perceptron is
in its ability to learn on its own experience and the backpropagation algorithm.
The idea of this algorithm is based on an error correction. The basic parameters
of NN are its topology, algorithm of training and the functions of the neurons
activation. In the current study, the sum of squares error function (SOS) was
chosen and the training method was Broyden—Fletcher—Goldfarb—Shanno
(BFGS) [19-22]. The stop parameter of learning network was number of epochs,
which in this study was equal to 1000.

The boosted trees algorithm reflects the natural thinking of human processes
while making a decision [23]. The data obtained by building and using boosted
trees are logical and easy for visualizing and interpreting. The algorithm of
building the boosted trees structure consists of the creating and cancellation
stages of trees. In creating trees, one chooses the criteria of splitting and
termination of learning, whereas in the course of trees cancellation, some
branches are removed. The boosted trees method is used when the results of one
decision influence the next, in particular, for making consistent decisions.

The ideas of the methods of support-vector machines and k-nearest neighbors are
the simplest [24]. In the first method, the data are presented as points in the
space. The training data are split into two categories. The training algorithm
creates a model attributing new data to a certain category. Geometrically, it looks
as if we are trying to draw a straight line centrally between two sets. The nearest
to this straight line points are the support vectors. The support-vector machines
method, as any method of machine learning, has many parameters. In this case,
the basis objects are the regularization parameter, the loss function, which treats
as errors only predicted values deviating from the actual values by a distance
greater than ¢, and the kernel parameter y. As the kernel function, the radial basis
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function (RBF) is used. The method of k-nearest neighbor assigns a new object to
the class that is the most common over k-nearest neighbors of the training
sample. The distance between k-nearest neighbors is usually chosen as Euclidean.
The aim of the learning process is to minimize the loss function, which should
decrease. In the current study, the loss function was chosen as the mean squared
error (MSE) [4]:

1
E= H Z (yprediction - ytrue)2 (1)
i=1

where:  Ypredgiction [M/Cycle] - the predicted element of sample
Yirue [M/cycle] - the true value of the sample element
n - the volume of the training sample

Therefore, to train the networks one needs a dataset that contains as many
observations as possible. In particular, it is advisable to experiment with different
networks topologies to avoid getting the erroneous result in the case, if the
learning process has found the local minimum of the target loss function.
Therefore, if in the next experiment one observes underfitting, that is, the
network issues a dissatisfactory result, we should try adding a new hidden layer.
On the other hand, if the error started to grow, that is, overfitting occurs, one
should try to remove one or more hidden layers.

The prediction error was Mean Absolute Percent Error (MAPE):

@)

Yirwe =Y prediction

MAPE =100%-12

NS Vel
Experimental material(s) and methods

During the operation, a railway axle undergoes static and cyclic loading,
including random loading, bending, as well as corrosive action of environment
and climate temperatures.

The FCG rate in axle steel was predicted by methods of machine learning
according to the experimental data of FCG obtained for 0.45% C steel and stress
ratios R = 0, -1 [25]. The sample consisted of 200 elements, 70% of which were
chosen randomly for the training sample and 30% were left for estimating the
quality of predictions. The input parameters were the SIF range AK and the stress
ratio R. The FCG rate da/dN under regular loading for the stress ratios R = 0, -1
was chosen as the output parameter. The input and output parameters were
normalized using the decimal log function to decrease the prediction error.

RESULTS AND DISCUSSION

The dependences of the experimental FCG rates da/dNe, on the predicted FCG
values da/dNpreq for R = 0, —1 are shown in Fig. 1.
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Fig. 1 The experimental (da/dN.) and predicted (da/dNpeq) FCG rates for R = 0,
—1 by methods of neural networks (a), support-vector machines (b), k-nearest
neighbors (c), boosted trees (d)

There were built the experimental and predicted dependences of the FCG rate da
/dN on the SIF range AK for R = 0, —1 using the methods of machine learning
(Fig. 2).
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Fig. 2 The experimental da/dNy.. and predicted da/dN,.q dependences of FCG
rate on the KIN AK for R = 0, -1 by the methods of neural networks (a), support-
vector machines (b), k - nearest neighbors (c), boosted trees (d)
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The parameters of the constructed neural networks, support-vector machines, k -

nearest neighbors and boosted trees are summarized in Tables 1-3.

Table 1 Parameters of Neural Network and Boosted trees

[12]C. M. Hudson: NASA TN D-5390, 1969, 34.

[13]C. M. Hudson, J. T. Scardina: NASA TMX- 60125, 1967, 24.

[14]W. Zhang, H. Liu, Q. Wang, J. A. He: Materials (Basel), 10(7), 2017,689.
https://doi.org/10.3390/mal10070689

. . Number of
Function of | Function of e
Stress Name of - repetitions
- hidden output
ratio network A P (for boosted
activation activation
trees)
R=0,-1 MLP 2-6-1 Logarithmic | Exponential 200
Table 2 Parameters of Support-Vector Machines
. " Kernel Number of
S| Reguariaton | isenathe  pavamtr|  support
P £ Y vectors
A 30 (bounded
R=0;-1 10 01 0,5 by 19)
Table 3 Parameters of k -Nearest Neighbors
Stress ratio Number of nearest neighbors Distance
R=0;-1 1 Euclidean

The error of the NN method for the test sample is 4.5%, the support-vector
machines is 5.5%, the k - nearest neighbors is 5.5% and the boosted trees is 6.7%.

CONCLUSION

The predicted FCG rate data are in good agreement with the experimental ones.
In the present study, the NN prediction accuracy is 95.5%, which is the best
among the applied methods. Support-vector machines, k - nearest neighbors, and
boosted trees also show good results in terms of accuracy. The methods of
machine learning are powerful and efficient tools which allow evaluating the
FCG behavior.
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ABSTRACT

The actuation capability and the reliability of hybrid composites activated by shape memory alloys (SMA) are discussed in this work. The manufacturing of compact
and safe actuators has been possible employing thermo-activated SMA which allows the polymer-based matrix to undertake many geometries. Different technological
procedures are proposed for the manufacturing of this type of composites and the problems related to the production of such elements are discussed too. The adoption of
non-metallic materials as deformation recovery elements, even if at present they do not allow a complete reversibility of the imposed deformation, represent an
interesting research field, due to their properties of lightness, flexibility and low cost.

Keywords: hybrid actuators; shape memory alloys; smart materials

INTRODUCTION

Among the smart materials shape memory alloys hybrid composites play an
important role thanks to their mechanical properties and their ability to act as the
thermal sensors or actuators. Indeed they can modify the geometry according to
the temperature increase and they are able to recover the original position after
cooling. The working principle of such materials is based on an active element,
sensible to the temperature changes, inserted in a matrix of polymeric material
which represents the element used for the shape recovery. As active element Ni-
Ti shape memory alloys are usually adopted in form of sheets or springs. Ni-Ti
alloys are widely employed in the field of thermo-activated sensors and actuators,
thanks to their stability and strength when subjected to bound recovery. Ni-Ti
wires are able to recover up to 10% strain in uniaxial tensile tests and also higher
values in form of springs. They show a satisfactory compromise in terms of costs,
weight reduction and dimensions of the activation systems. In this work the main
technological problems, arisen during the manufacturing of an hybrid-composite
actuator and solved, are reported. Many actuators have been designed, built up
and checked in order to test the shape recovery performance [1]. Shape memory
alloys show three different properties depending on the temperature and on the
thermomechanical treatment they have been subjected to: One Way Shape
Memory Effect (OWSME), Two Way Shape Memory Effect (TWSME) and
Super Elasticity (SE) [2-3]. The shape memory mechanism is based on a
reversible thermoelastic martensitic transformation. During cooling of SMA
element, from a temperature such that its structure is completely austenitic, the
formation of martensite will be evidenced. This phase grows inside the austenitic
matrix in the form of lamellae that cause a plastic arrangement of the surrounding
matrix (Fig. 1).

Plastic accommodation
(austenite)

Plastic
deformation
(martensite)

#Undeformed
austenite

t
Martensite

Fig. 1 Sketch of the martensitic transformation

During the subsequent heating of the alloy the recovery of the deformation will
be caused by the transformation of martensite into austenite (OWSME). The two-
way shape memory effect is instead completely similar to the previous one with
the difference that the alloy is able to recover a different shape also during
cooling (Fig. 2).

One Way Shape Two Way Shape
Memory Effect Memory Effect

Load Application

Heating above Af

Cooling below Mf

Fig. 2 Comparison between OWSME and TWSME

Finally in the superelastic alloys heating is not required for shape recovery: they
are able to recover the deformation just upon stress removal (Fig. 3). This
phenomenon is evident at temperatures in which the austenite is the only stable
phase. The properties of the SMA just described are exploited in different fields:
in the biomedical field through the realization of self-expanding stents and filters,
in the safety field and fire prevention they are used in the sprinklers construction
and valves, or in the civil engineering sector [4-5]. Superelastic alloys are also
employed as dampers of seismic stresses, through the realization of
reinforcements for masonry structures [6-7].

Fig. 3 Temperature ranges for Shape Memory Effect and Superelastic Effect
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SMA’s with two-way shape memory effect allow more interesting applications
than a one-way memory effect one, and it is for this reason that this property is
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investigated in order to understand the complex mechanisms occurring during the
phase transformations [8]. However, many studies and experiments have shown
that the TWSME is very unstable and tends to deteriorate after a few stress
cycles. For this reason they can’t be employed in industrial applications in which
many activation cycles are required [9-10]. In the solar sail field a possible
application has been identified too [11-15], solar power production [16] as well
as in aircraft wings [17-20] and in general space applications [21-22].

MATERIAL AND METHODS

In this work it has been decided to overcome the problem of the stability of
TWSME alloys by coupling OWSME alloys that allow to recover the
deformation imposed, with a polymeric sheet. In this way a mechanically induced
two-way memory effect has been obtained. One of the most used techniques to
study shape memory alloys, in order to characterize their behavior and observe
the phase stability as a function of temperature, is the resistivity test [23].
Through this technique, used with Nickel-Titanium samples, it has been possible
to determine the transformation temperatures and the beginning of the shape
recovery for the actuator. The temperatures characterizing a shape memory alloy
(Fig. 3) are the Austenite start (As) temperatures, at which the formation of the
austenitic phase begins, to which the start of the shape recovery is associated, and
the Austenite finish temperature (Af), limit beyond which the alloy is completely
transformed into austenite. Similarly for the martensitic phase it is possible to
identify the characteristic temperatures: the martensite start temperature (Ms), in
correspondence of which the formation of martensite begins while cooling within
the austenitic matrix and the martensite finish temperature (Mf), temperature
below which the martensitic transformation is completed. With reference to the
fig. 4 it is also possible to detect the formation of a third phase in addition to
those already mentioned when the alloy is cooled. This is the so-called R phase,
characterized by a crystalline structure with a rhombohedral lattice, which grows
as an intermediate transition phase between austenite and martensite and whose
behavior and properties are still being studied.
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Fig. 4 Rs and Rf temperatures of rhomboedral phase on cooling (resistivity test
on Ni-Ti shape memory alloys)

However, under appropriate training conditions of the alloy it has been observed
that the TWSME effect is associated with the phase R in cooling, regulated by
the arrangement and the number of dislocations induced in the material. The R
phase also appears in heating under appropriate conditions of fatigue of the
material. One of the advanced hypothesis is that this phenomenon can be
associated to the degradation of the SME as this phase transformation is not
associated with a thermoelastic transformation. This type of analysis provides
important data on the state of the alloy, its activation temperatures, fatigue
behavior and relative degradation of the shape recovery with the number of
cycles [3].

The actuator proposed in this study works according to the principle of a bending
sheet and is based on an active element made of NiTi alloy wire of 1.5 mm rolled
to obtain a 0.5 mm thick tape, heat treated at 500° C for 5 minutes, in order to
give the actuator its operational shape, and finally water quenched. The sheet thus
obtained is inserted inside a 3 mm thick epoxy resin matrix, which is the element
able to move back the actuator to its original configuration while the device is
cooled down (fig. 5 a, b).

Fig. 5 top) undeformed — bottom) deformed shape of the NiTi sheet inside the
resin matrix. Both pictures illustrate the conditions after a few activation cycles,
thus involving not complete flatness of the starting configuration, increasing with
the number of activation cycles.

The main purpose of the first series of samples was to test the real capacity of the
resin to recover the deformation imposed by the active element. Therefore no
reinforcements have been used in the matrix at this preliminary stage. The
injection of the resin into the mold was followed by polymerization, with the
sheet under a moderate tensile stress, in order to keep it in place during the resin
polymerization (fig. 6).

After extracting the sample from the mold, it has been possible to activate the
element by placing it in hot water at 60° C, temperature higher than Af in the free
shape recovery, and performing several heating-cooling cycles. Fig. 5b shows the
maximum deformation reached by the actuator in the hot stage and the maximum
deformation recovered by cooling. A loss of the mechanical characteristics of the
resin was observed due to the overcoming of the glass transition temperature
during the test.

Fig. 6 Shape memory sheet under polymerization in the tensile machine

An attempt has been made to reduce the polymerization times of the resin with a
heat treatment at 100° C for 2 hours. It has been decided to move in this direction
in the attempt to compensate for the loss of the mechanical characteristics of the
resin, providing a more rigid structure. However, the treatment causes stiffening
and weakening of the matrix only at room temperature, while during the test the
same behavior occurred as in the previous case.

With the aim of compensating for the loss of stiffness of the resin it has been
attempted to make samples with a fiberglass reinforcement inside the matrix
arranged as shown in fig. 7. At the end of a 4-day polymerization period the
samples have been tested, and the composite structure immediately exhibited
some problems to reach the operative configuration due to an excessive stiffening
of the matrix caused by the high number of fibers placed on the upper side
(tension). Therefore, a part of these has been removed, leaving the arrangement
of the fiber on the compressed side unchanged. At a subsequent test, the actuator
has broken down because the fibers stressed under compression, on the lower
side have caused failure in the resin during the deformation.

The successive step has been the analysis of the behavior of the dispersion inside
the matrix of a fine and homogeneous distribution of glass microspheres (100 um
average diameter), in order to obtain an improvement of the mechanical
characteristics. The preparation of the samples has been preceded by a series of
analyses on the sedimentation dynamics of the spheres inside the matrix in order
to avoid deposition on the bottom side due to the difference in density between
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resin and spheres (fig. 8). The samples thus obtained have been tested; no
substantial improvements in the mechanical characteristics have been detected in
comparison with the unreinforced resin although they are characterized by a good
recovery of the deformation and stability for several activation cycles.

Fig. 7 Sketch of the shape memory sheet with fiber glass reinforcement inside the
matrix

lbrhin 15 min  20min 25 min 30 min

Th 20 min

Fig. 8 Sedimentation analysis of the glass microsphere inside the resin

DISCUSSION

The experimentation carried out, in order to realize a hybrid SMA / polymer
actuator, has highlighted some problems. It is possible to obtain a good stability
for applications at high activation cycles, even if the shape recovery at room
temperature is partial. The result of a stable mechanically induced two-way shape
memory effect can be achieved. This aspect is important because the main limit
of the TWSME is that the shape “memorized” at lower temperature is not stable
and is gradually loss as the activation cycles proceed.

CONCLUSIONS

In order to overcome the problems associated with the degradation of the intrinsic
TWSME of the alloy, with good precision and operational stability, hybrid SMA
/ polymer actuator have been investigated. The solution based on the use of only
resin without any kind of reinforcement showed partial shape recovery. One of
the possible applications of the hybrid SMA/polymer actuator could be in fire
protection, starting from the concept of an actuator associated with a optic fiber
to be used in the tunnels [24]. The adoption of hybrid technologies can be
developed in a solution which can be reset in case of activation due to fire
detection or periodically in case of test. Mounted together with a fiber cable, the
SMA element would be able to bend it if the activation temperature exceeds the
safety value and causing an attenuation in the signal passing through the cable is
able to generate the alarm. On very long installations it is possible, by

appropriately spacing the sensors, to obtain accurate informations about the
position in which the alarm was generated and to observe the direction and speed
of propagation of fire. The use of non-metallic materials as deformation recovery
elements, even if at present they do not allow a complete reversibility of the
imposed deformation, represent an interesting research field, due to their
properties of lightness, flexibility, low cost.
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