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Abstract

When the sheet metal stamping processes are simulated, different values of the friction coefficient
need to be defined in different regions, considering the nature of the deformation process. Thus,
the regression and analytical models to determine the friction coefficient under the blank holder
and on the die drawing edge by the strip drawing test are presented in the article. These models
were verified by experimental strip drawing test under the same contact conditions. Zn coated
high strength low alloyed steel sheet H220PD+Z100 was used at experiments and friction tests
were done against the tool steel and TiCN MP coated tool steel. The results indicate, that values
of friction coefficients evaluated by linear regression are lower than evaluated from analytical
models. The positive effect of coating TICN MP when applied on the contact surfaces was found,
thus, decreases the friction coefficient and the drawing force scattering during the strip drawing
test.

Keywords: deep drawing, strip drawing test, friction coefficient, experiment, analytical model

1 Introduction

There are many parameters influencing the sheet metal formability from the view of stamping,
such as material properties, the die and the punch geometry, the contact surfaces’ microgeometry,
lubrication, etc. [1-5] Their accurate determination is ambiguous because these are changed from
one case of the stamping process to another. Nowadays, simulation methods take place to predict
their influence and to optimise the process parameters [6].

Because the simulations based on finite elements method becomes more and more important in
pre-production, the accurate description of the input data is necessary. Besides constitutive
equations describing material behaviour, contact conditions, i.e. friction coefficient on the contact
surfaces needs to be defined as well. Sniekers [7] introduced the strip drawing test and method of
data processing to calculate the friction coefficient at deep drawing. A new friction test method
also presented Zhenyu [8]. Roizard [9] presented the improvement of strip drawing test
emphasized to the influence of temperature effect, multi-pass, bulk plastic deformation. Kim [10]
studied the pressure distribution in draw-bead friction test and its influence on the results of
friction coefficient reached. Trzepiecinski [11] studied the effect of sheet metal surface roughness,
lubricant conditions and sheet orientation on the value of friction coefficient in sheet metal
forming processes.

Nowadays, new coatings are applied on the contact surfaces in order to improve the contact
conditions during deep drawing. Antoszewski et al. [12] tested electro spark (Cu+Ti) and (Mo-Ti)
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coatings applied on the tool steel by pin-on-dics test and their influence on friction. Severo et al.
[13] tested in semi-industrial conditions by strip drawing test W-Ti-N coatings and they showed
excellent results in comparison with uncoated tools. New trends are focused to the abandonment
of lubricants in metal forming processes from the economic and ecological points of view.
Vollertsen [14] defined the term dry metal forming and presented its benefits and state of the art
in this field. Hafner [15] studied the lubricant-free tribological systems such as laser based surface
modifications of tetrahedral amorphous carbon (ta-C) coatings in flat strip drawing test.

Fig. 1 Types of contacts at deep drawing

Stamping processes — deep drawing, stretching and bending — are characterized by different types
of contact between the sheet metal and the die, as it is shown in Fig. 1: A — under the blank holder
(bending or deep drawing of squared parts, blank is not deformed), B — on the drawing edge (blank
is bend and drawn into the die, blank is deformed in radial direction and tangential deformation is
negligible), C — corner of the stamped part under the blank holder (friction arises due to
compressive tangential deformation when blank is drawn into the die), D - corner of the stamped
part on the drawing edge (blank is deformed by the tensile radial and compressive tangential
strains), E — the loading of contact surfaces in the drawing bead when it is applied to regulate the
material flow in the straight parts, F — the loading of contact surfaces on punch drawing edge, G
— stretching of the blank on the punch face, H — calibration of the part stamped. [16, 17]

2 Experimental material and methods

High strength low alloyed steel sheet H220PD with thickness ap = 0.8 mm was used in
experimental research and Zn coating 100 g.m™ was applied at both sides. Chemical composition
is shown in Table 1 and the surface roughness parameters measured by Surftest SJ-301 were as
follows: Ra = 1.46 £ 0.06 um; RPc = 67 + 5 cm™; Rz = 5.2 + 0.2 pm. Surface texture measured
by Olympus BX51 M is shown in Fig. 2.

Table 1 Chemical composition of HSLA Zn coated steel H220PD + Z100 [wt %]
C Mn Si P S Al Nb Ti
0.004 0.415 0.1 0.042 0.004 0.031 0.017 0.037
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Mechanical properties were measured by ISO 6892-1, normal anisotropy ratios by ISO 10 113 at
strain level of 20% and strain-hardening exponents by 1SO 10 275 within the strain range 5+20%.
PC controlled TiraTEST 2300 testing machine with extensometers for both, the length and the
width measurement was used with automated evaluation of properties shown in Table 2.

Fig. 2 Surface texture of experimental material HSLA Zn coated steel H220PD + Z100 a)
microscope 2D view, b) generated in Matlab 3D view

Table 2 Formability parameters of HSLA Zn coated steel H220PD + Z100

Dir. Rpo.2 Rm Ag Asgo K n r
[°] [MPa] | [MPa] [%0] [%0] [MPa] [-] [-]
0 214 375 24 40 677 0.24 1.21
45 217 359 26 42 651 0.23 1.76
90 223 368 23 38 658 0.23 1.75

a)
Fig. 3  The friction simulator - strip drawing test: a) model, b) real view
1 - base plate, 2 — midplate, 3 — upper plate, 4 — clamping cylinder, 5 - upper grip, 6 - lower grip,
7 — blank-holding force cell, 8 —roller, 9 - ball bearings, 10 — roller brake, 11 - strip

The friction simulator shown in Fig. 3 was used to study friction in a stamping process. This
simulator enables modelling the stress state of flat (Fig. 1-A) and curved regions (Fig. 1-B).
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Processes on the contact areas can be investigated separately or combined. The roller can be fixed
or free rotated. If the movement of roller is not blocked, we model the loading of die contact areas
under blank holder between flat surfaces (Fig. 1-A). In the case the roller is fixed we model the
loading of curved contact areas on the die drawing edge (Fig. 1-B).

Drawing conditions were as follows: blank holding forces Fn = 2; 4; 6 and 8 kN, strip drawing
speed v = 10 mm/s, strip width 50 mm, grips’ contact area 20x50 mm. Both, grips and roller of
the friction tester were made from tool steel 1.2379, hardened to 63 HRc and polished to Ra =
0.32 + 0.05 pm. During the test, exchangeable grips were used and this allowed modelling friction
conditions tool steel/Zn surface and TiCN MP coating/Zn surface. Thus, TICN MP coating was
applied on the grips and the roller as well to research the influence of coating to the friction
coefficient.

Adhesion and other properties of TICN MP coating were measured by series of tests. Coating
thickness 3.19 um was measured by Calotest method (Fig. 4), microhardness Hyr = 51 GPa and
modulus E = 480 GPa by indentation tester TTX-NHT S/N with Berkovich diamond indenter at
60mN load, sinusoidal frequency 15 Hz and amplitude 6 mN, holding time 10s. Coating
adhesiveness measured by Mercedes test was HF1 (Fig. 5) and Scratch test confirmed good
adhesion and compactness by acoustic emissivity 0.8 V and the cohesive failure were found at the
force Lc1=34.7 £ 4.0 N, adhesion failure and spallation of the coating was found at the force Lc»
=41.6 £ 2.6 N and critical force to surface exposure at the centre of the track L3 =86.1 £2.9 N
—Fig 6.

SEM HV: 30. ; | VEGA3 TESCAN
View field: 692 pm 200 pm
SEM MAG: 500 x SAS KE

"2 30.0 kV WD: 12.67 mm
View field: 1.15 mm Det: SE 200 pm
SEM MAG: 300 x

Fig.4 TICN MP coating thickness Fig.5 Mercedes test result for TICN MP
measurement (Calotest method) coating
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Fig. 6  Scratch test result for TICM MP coatig
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Surface roughness after coating deposition measured by Surftest SJ-201 was as follows: Ra=0.24
+ 0.04 um and Rz = 2.78 + 0.15 pum when measured in grinding direction (i.e. longitudinal) and
Ra = 0.20 £ 0.05 pm and Rz = 2.40 + 0.11 um when measured perpendicular to the grinding
direction (i.e. transverse).

LAN/WLAN

Fig. 7 Measuring system at strip drawing test

The drawing force and the blankholding force were measured during the strip drawing test.
Measuring system (Fig. 7) consisted of force load cells KAS 20 (1) and KF 20 K (2), tensometric
measuring unit QuantumX MX440A (3) and software Catman Easy (4).

Record of drawing and blankholding forces is shown in Fig. 8 and Fig. 9 in the next chapter. From
experimentally measured values of drawing and blankholding forces the friction coefficient can
be determined in the area under blankholder and on the die drawing edge also. Two methods were
applied for evaluation of friction coefficient in the area under blankholder.

In the first method the regression analysis was used [16, 17, 18]. The relation between
blankholding force and drawing force can be described as follows:

ARy (£3—0) = Intercept + ARy »(Slope) (1)

where:  AFp=0) [N] - the difference of drawing forces,

AFn12 [N] - the difference of blanholding forces Fnz — Fni, Fnz > Fua.
Drawing forces increases with the increase of blankholding forces. Thus, the friction coefficient
f1 is calculated as half value of slope:

Slope
flo= 2p )

where: fi2 [-] - the mean friction coefficient between die and strip.

The second method comes out from analytical models based on measurement of forces during
strip drawing test [17, 18, 19]. When the roller on the friction simulator is not blocked (friction
model under the blankholder), the friction coefficient fi, is calculated as follows:

_ Fo2(£3=0) — Fpwref(f3=0) _ ARy 2(F3-0) 3)
2(Fn2 = Fngref) 2-AFyp

where: Fniref = 2000 N,
Fn2 [N] — the blankholding force (Fnaref <Fn2),
Fpz@is=0) [N] - the drawing force generated by blankholding force Fno,
Forefiz=0) [N] — the drawing force generated by blankholding force Fua ref.

DOI 10.12776/ams.v25i4.1362 p-ISSN 1335-1532
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When the roller on the friction simulator is blocked (friction model on the die drawing edge), the
friction coefficient fs is calculated as follows:

E
fy= |{MJE 4.)

Fo(fa=0) )™

where:  Fps=0) [N] — the drawing force generated by a rotating roller,
Fus-0) [N] — the drawing force generated by a fixed roller,
f5 [-] — the friction coefficient on the die drawing edge.

3 Results and discussion

Table 3 shows set values of blankholding forces Fn and measured values of drawing forces Fp(3=0)
and Fyiss0). As it is shown in Fig. 8 and Fig. 9, there was scattering in drawing force for specific
pressure over 4 MPa when measured for friction pair tool steel / Zn surface and over 8 MPa when
measured for friction pair TICN MP / Zn surface. Thus, the average values of forces were
evaluated beyond the 60 s to exclude initial bending of the strip.

10000

8000

6000 4= e

4000

2000

2000

Sila [N]

-4000

-6000

-8000

-10000

12000

Cas [s]

Ft2kN Fp 2kN Ft4kN Fp4kN ——Ft6kN Fp6kN ——Ft8kN ——Fp 8kN
Fig. 8 Record of the drawing and blankholding forces at strip drawing test for friction pair tool
steel / Zn surface

Sila [N]

Cas [s]

Fp 2kN FpAkN —Fp6kN —Fp8KN —Ft2kN FtakN —Ft6kN —Ft8KkN

Fig. 9 Record of the drawing and blankholding forces at strip drawing test for friction pair TIiCN
MP / Zn surface
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Table 3 Measured values of forces and calculated values of friction coefficient — no lubricant

Normal | Specific Drawing force Fp Friction coefficient f [-]
Friction pair force | pressure [N]

Fn[N] | p[MPa] fs=0 f3>0 f12 f12 fs

Eq. Eq. Eq.
2039 2 2280 3816 @) = o(gé)s
H220PD+Z100 4533 2 3689 | 6075 | ..o, | 0353 | 0318
Tool steel 6068 6 4931 8447 ' 0.329 0.343
8121 8 6178 10119 0.320 0.314
2032 2 2310 3741 0.307
H220PD+Z100 530 2 3580 | 5905 | o | 0318 | 0319
TicN 6047 6 4779 7874 ' 0.307 0.318
8050 8 5963 9950 0.304 0.326

When evaluated from Eq. (2.), the friction coefficient for friction pair tool steel — Zn surface was
0.304 and for friction pair TICN MP coating / Zn surface it was 0.296. When friction coefficient
evaluated under the blank holder according to Eqg. (3.), it varied from 0.320 to 0.353, i.e. 0.334 +
0.017 for friction pair tool steel / Zn surface; and from 0.304 to 0.318, i.e. 0.310 £ 0.007 for friction
pair TiCN coating / Zn surface. When friction coefficient evaluated on the drawing edge according
to Eq. (4.), it varied from 0.314 to 0.343. i.e. 0.326 + 0.013 for friction pair tool steel / Zn surface;
and from 0.307 to 0.326, i.e. 0.317 + 0.008.

| Nl
[l
| ]

f1,2 (Eq. 2)

|
f1,2 (Eq. 3) 3 (Eq. 4)

uTool steel/Zn wTiCNMP /Zn
Fig. 10 Comparison of friction coefficient calculated by linear regression (Eqg. 2.) and from

analytical models (Eqg. 3. and Eq. 4.)

The average values of friction coefficient calculated from Eq. (2.), Eq. (3.) and Eq. (4.) are shown
and compared in Fig. 10. The lowest average value of the friction coefficient was reached when
calculated from Eq. (2.), but the average friction coefficient under the blank holder calculated
from Eq. (3.) and on the die drawing edge calculated from Eq. (4.) are higher. As supposed in the
[16,18], Eq. (2.) gives the averaged friction coefficient and the method is not suitable to evaluate
the friction coefficient in different regions.

There were found lower values of friction coefficient for friction pair TICN MP / Zn coating when
calculated from each equation. The results partially comply to the roughness measurement, when
lower roughness was identified on the grips after coating the tool steel with TICN MP coating.
Decrease in roughness after coating was reached by Choi [20] also, while Merklein [21] confirmed
decreasing the friction coefficient measured at dry conditions for smooth and polished surfaces.

DOI 10.12776/ams.v25i4.1362 p-ISSN 1335-1532
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As it is shown in Fig. 8, scattering occurred in the drawing force if the normal force is higher than
4 KN (i.e. specific pressure under the blankholder 4 MPa) when measured for friction pair tool
steel / Zn surface. In the case of friction pair TICN MP coating / Zn surface in Fig. 9, scattering
in the drawing force occurred only if the normal force 8 kN (i.e. specific pressure under the blank
holder 8 MPa) was applied. Roizard in [9] stated the scattering is a result of stick-slip sliding
regime at low velocities when the static frictional is nonzero. Considering mentioned and the strip
velocity 10 mm.s?, the effect of the TICN MP coating resulted in a reduction of scattering the
drawing force for specific pressure 4 and 6 MPa and the amplitude of scatters decreased for higher
specific pressure 8 MPa.

The contact pressure is one of the parameters influencing the friction [22]. When the friction
coefficient f;, calculated from Eq. (3.), i.e. under the blank holder, its value decreases with the
contact pressure. The same tendency was found by Trzepiecinski [23] for the strip drawing test
performed. But contrary to the results [22] and [23], the dependence of friction coefficient f3
calculated from Eq. (4.), i.e. on the die drawing edge, on the contact pressure is not unequivocal
for both friction pairs tested.

4 Conclusions

Nowadays, lubricant free sheet metal stamping processes appears being a challenge. Besides
ecology point of view, economic aspects are also important due to avoid degreasing the stampings.
Thus, the article is focused to the friction coefficient measurement under the dry condition for
friction pair tool steel / Zn surface and TICN MP coated tool steel / Zn surface. While the friction
coefficient under the blank holder evaluated by linear regression gives the average value,
analytical models allow calculating the friction coefficient under the blank holder and on the die
drawing edge as well. The effect of TICN MP coating applied on the tool steel resulted in lower
friction coefficients and minimizing the drawing force scattering. Further research will focus to
the galling phenomena and verification the results by the simulation.
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Abstract

Following nickel and molybdenum significant price increase, nowadays the stainless steel market
is moving toward an increasing use of ferritic stainless steel instead of austenitic stainless and
therefore to the development of advanced ferritic stainless steels grades aimed to substitute the
more expensive austenitic materials in all applications allowing it. Super-ferritic stainless steels
are higher chromium (Cr) and molybdenum (Mo) steels with properties similar to those of
standard ferritic alloys. Such elements increase high temperature and corrosion resistance in strong
environment. This paper deal about the corrosion resistance of super-ferritic stainless steels with
a Cr content ranging from 21% to 24%.

Keywords: Stainless steels, corrosion resistance, microstructure

1 Introduction

Stainless steels are nowadays applied in many applications facing with strength/ductility
requirements coupled with corrosion resistance high targets. In particular, they are adopted in
automotive [1-7], construction and building [8-9], energy [10-13], aeronautical [14], medical [15],
food [16-21] and 3D printing [22-26] applications. Ferritic stainless steels are more and more
required following their lower cost with respect to austenitic stainless steels. As a consequence,
there is a strong market demand for innovative ferritic stainless steel grades with the aim to
substitute the most expensive austenitic grades in all those applications allowing it.

Based on the above considerations, an innovative stainless steel grade with 22% Cr and a very
low interstitial and stabilizing element content is here analyzed. Also Mo is kept at very low level
in such materials with the aim to further lower their cost. Even if some data were already published
on such materials mechanical behavior [27-31], not many data are still available on their corrosion
resistance. Aim of this paper is to evaluate the corrosion resistance of 460LI steel aimed to face
the materials selection criteria for stainless steels in specific applications.

2 Experimental materials and methods

AISI 460L1I stainless steel is here considered in comparison to standard AISI 304 steel. The
chemical composition of the analyzed steels is reported in Table 1 (in accordance to UNI EN
10088-2).

Table 1 Chemical composition of the analysed stainless steels (UNI EN 10088-2).

C N Cr Ni Ti Nb Mo
(%) (%) (%) (%) (%) | (%) (%)
304 (1.4301) <0.07 <0.11 17.5+19.5 | 8.0+10.5 - - -
460L1 (1.4611) <0.03 - 19.0+-22.0 <0.5 <1 <1 <0.5
DOI 10.12776/ams.v25i4.1363 p-ISSN 1335-1532
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Materials corrosion resistance was assessed in terms of:

General corrosion resistance

General corrosion resistance has been tests in a salt spray chamber (WEISS system model SSC
450) at 35°C with a nebulized 5%wt of NaCl solution according to UNI EN ISO 9227. Samples
were 100 mm x 200 mm. Samples were cleaned with acetone before testing; edges were protected
with wax and pix. Then, samples were placed into the chamber hunged on a plastic rack to
maintain them at 20 °C respect to the vertical position. This arrangement was essential to avoid
mutual contact between samples or with other parts of the chamber. Total duration of this test was
1000 h. Generalized corrosion resistance from chemical agents and conditions typical for stainless
steels was tested dipping samples of 20 mm x 50 mm dimensions (polished until to 120 mesh) in
8 solutions at different temperatures, as reported in Table 2 according to ASTM G157. Before the
beginning of the test and after every exposure cycle, samples were weighted and measured to
determine the corrosion rate expressed in mm/year.

Table 2 Tested stainless steels and solutions according to ASTM G157. (*only for 470L1)

Corrosive environment Test temperature
(conc.%) (°C)
Nitric acid (70%) 30, 70
Acetic acid (80%) 30, 70
Sodium chloride (50%) 30, 70
Caustic soda (50%) 30, 70, 90, 110*
Alum vitriol (10%) 30,70
Phosphoric acid (85%) 30, 70
Methanol (99.9%) 30, 70
Acetone (99.5%) 30, 70
Urea (32.5%) -5, 45
Orange juice (100%) 30
Milk (100%) 30, 50

Localized corrosion resistance

Potentio-dynamic polarization curves were measured using an electrochemical cell with three
electrodes, with a calomel reference electrode (SCE) and a platinum counter-electrode, immersed
in a 3% NaCl solution at room temperature. To realize the potentio-dynamic curves, a Solatron
1287 was used connected to a PC for setting the beginning value of the potential scan, the power
value and the surface (1 cm?) of metal exposed to the corrosive agent. Starting from a potential of
1V (lower than the open circuit potential), a scan rate of 1 mV/s was set and an intensity of the
inversion current equal to 5 mA/cm?. Samples before the beginning of the test were polished until
600 mesh. Moreover:

Critical Pitting Temperature (CPT) has been determined by immersing different samples in a
solution of 6% FeCls for 24 h at a fixed temperature; this scheme was repeated increasing each
time the solution’s temperature of 5°C until it was possible to observe the onset of pitting
phenomena. Samples had dimensions of 30 mm x 40 mm, with rounded corners. Moreover both
samples’ surfaces were polished at 120 mesh.

Crevice critical temperature (CCT) determination was realized with the same test procedure used
to detect the critical pitting temperature (CPT). The only difference applied on the samples’
surfaces regarded two Teflon cylinders with a diameter of 12 mm. 20 embossed sectors were made
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on the cylinders and held together by a nickel-based alloy screw (shielded with Teflon). Test in
salt spray chamber was performed applying on the samples two cylinders made in Teflon with a
diameter of 50 mm. On their surfaces were also obtained 12 embossed sector. Test duration was
260 h and the spray solution had a content of 5% NaCl as reported in UNI EN I1SO 9227. At the
end of the cycle, samples were visually analyzed counting the number of sectors imprinted on the
sample and assessing, with the same criteria, the gravity.

Stress corrosion resistance

Stress corrosion susceptibility was measured immerging samples, previously bended (U- bend
samples), in a boiling solution of MgCl, (42%) for 500 h, according to ASTM G30-97 standard.
At the end of the test, samples were observed with a low magnification microscope, to identify
the presence of cracks.

3 Results

Results of general corrosion resistance tests performed in corrosive environments for the 460LI
steel are reported in Table 3. The testing environment has been chosen with the scope to put in
evidence the material attitude to be put in service in applications including chemical sector and
food industry. In every case, the result of the test was positive and the corrosion rate was widely
within the ASTM G157 limit (0.13 mm/year).

Table 3 General corrosion resistance of 460L1 for different corrosive media (ASTM G157). V:
corrosion rate <0.13mm/year; X: corrosion rate>0.13mm/year

Steel Co;ggﬂgec;)g)]ent ;I;”é"; Test result (48h) | Test result (96h)
Nitric acid(70%) 70 N \
Acetic acid (80%) 70 N N
Sodium chlorate (50%) 70 N N
Caustic soda (50%) 70 N N
460L1 Alum vitriol (10%) 70 \ \
Phosphoric acid (85%) 70 N \
Methanol (99.9%) 70 N \
Acetone (99.5%) 59 \ \
Orange juice (100%) Boiling \ \
Milk (100%) 50 \ \

Passivation current density for AISI 460LI with respect to AISI 304 grade are reported in Table
4. Results show lower passivation current density with respect to standard AISI 304 steel. Such
values are anyway typical of materials suitable for the target applications.

Table 4 Electrochemical parameters calculated in the anodic polarization curves in 3% NacCl

solution
Steel ipass Epit Erep
(Alcm?) (mV/SCE) (mV/SCE)
460L1 1.4-10® 430 -110
304 2.5-10C 360 -66
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The critical pitting and crevice temperatures, calculated according to ASTM G48, are reported in
Table 5. The critical pitting temperature of the super-ferritic stainless steel is higher than the
austenitic stainless steel, while the pitting critical temperature is comparable.

Table 5 Comparison of CPT and CCT tested in a 10% FeCl; solution (ASTM G48-E and ASTM

G48-F)
Steel CPT (°C) CCT (°C)
460L1 10 0
304 4 -

Photos of samples after crevice test in salt spray chamber for 260 h are reported in Fig. 1. The
number of sectors imprinted on the sample and their severity are reported in Table 6. Results show
similar behavior in the AIS 460LI and AISI 304 steels.

a) b)
Fig. 1 Samples tested in salt spray chamber for the crevice resistance test.

Table 6 Summary of visual inspection at the end of the salt spray chamber cycle.

Steel Embossed sector Severity grade
460L1 5 Medium
304 5 Medium

AISI 460L1 and AISI 304 steel U-bend samples were immerged in a boiling solution of MgCI2
for 500h. At the end of the test, samples were observed with a low magnification microscope, to
identify the presence of cracks and by Electron Scanning Microscope. Analyses reported that the
super-ferritic samples are not susceptible to stress corrosion cracking while the tested samples of
304 achieves break, as expected for austenitic stainless steels.

4 Conclusion

The corrosion resistance of AISI 460L1 super-ferritic stainless steel is analyzed.

Results show that:

AISI 460 LIA guarantee comparable properties with respectl of austenitic stainless steels in terms
of general corrosion resistance. Also, the corrosion resistance tests through immersion in different
environments detected low corrosion rates.

The pitting corrosion behavior was a little worst with respect to that of the AISI 304 steel grade.
The super-ferritic stainless steels are not affected by stress corrosion.
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Abstract

The HP40-Nb heat resistant alloy (35Ni-25Cr-Nb) was analysed by means of optical microscopy
after aging treatments at 1073 and 1173 K for different times, in order to apply the classic Johnson
— Mehl - Avrami — Kolmogorov kinetic model (JMAK), and thus calculate the activation energy
of secondary M.3Cs precipitation, which occurs during thermal aging. The relevance of this
theoretical analysis is to infer the mechanism that controls the nucleation and growth of M23Cs
secondary carbides, since the amount and morphology of these phase influences the mechanical
properties as well as the corrosion resistance in service. After performing the kinetic analysis using
the IMAK model, the activation energy was found to be 208 kJ/mol, which would indicate that
the secondary precipitation in this alloy is controlled by the Cr-diffusion phenomenon along the
austenitic matrix.

Keywords: JIMAK model, HP40-Nb, activation energy, M23Cg Secondary carbide precipitation

1 Introduction

The HP40-Nb heat resistant alloy is widely used in pyrolysis furnaces due to its high corrosion
resistance under high temperature service, which normally varies between 973 and 1273 K. The
high content of alloy elements such as chromium and nickel, give it corrosion resistance under
aggressive atmospheres during service. These alloys are manufactured by centrifugal casting,
resulting in a dendritic-type microstructure due to the high solidification rate of the alloy during
its manufacturing process. The austenitic matrix rich in nickel, chromium and iron, is strengthened
by a network of primary carbides that increases its mechanical strength [1-11]. It is during the
exposure of the alloy at high temperatures that precipitation of secondary Cr-rich carbides of
M23Cs type occurs, whose nuclei begin to form in the vicinity of the primary eutectic Cr-rich
M23Cg carbides and Nb-rich MC carbides network [7, 9, 12, 13]. Some authors have found for this
heat resistant alloy that, in the as-cast condition, the primary carbides network is formed by
Cr-rich M7Cs and Nb-rich MC carbides. Moreover, they have found that primary Cr-rich M;C3
carbides remains unalterable during aging [12, 14, 15]. M23Cg Cr-rich secondary precipitation
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increases mechanical strength of the alloy when it operates at high temperatures that are
characteristic of the pyrolysis production process. In this way, the mechanical properties are
influenced by the volume fraction of secondary precipitation as well as its morphology and
distribution along the matrix. However, excessive secondary precipitation leads on chromium
depleted zones adjacent to the primary eutectic carbides network, since secondary precipitation
causes chromium consumption in these areas, resulting in a decrease in resistance to oxidation at
high temperature. Therefore, it is interesting to analyse the mechanism of precipitation, by kinetic
models as the proposed by Johnson, Mehl, Avrami and Kolmogorov (JMAK model), that is widely
used in the kinetic study of nucleation and growth reactions [10, 16-19]. In the present research
work, it was found that the calculated activation energy of M23Cs secondary carbides was 208
kJ/mol, which is in good agreement with what was found in a similar analysis carried out on the
refractory alloy 45Ni-35Cr-Nb [10] as well as with others research works [10,16,17].

2 Experimental
Chemical composition of HP40-Nb heat resistant alloy is shown in Table 1.

Table 1 Chemical composition of centrifugally cast alloy HP40-Nb [wt %)].
C Si Mn Cr Ni Nb W Ti Fe
0.57 2.73 0.76 23.7 37.6 1.26 0.19 0.07 | Balance

These alloys are produced as centrifugally cast tubes, with a 110 mm diameter and 11 mm wall
thickness. From an as cast tube were cut several rings of 10 mm-thick of which, in turn, 10x10x11
mm samples were obtained.

Aging heat treatment was made at 1073 and 1173 K using resistive furnaces in air atmosphere.
For each temperature, aging times were of 1, 5, 15 and 30 min, and 1, 3, 8, 16, 24 and 27 h. After
aging, each specimen was cooled in air. The aging heat treatments were all carried out in the same
oven, which has a standardized and previously calibrated S-type thermocouple, which guarantees
an accuracy of 1 K. The measurement joint is adjacent to the sample to improve the quality of the
measurement. Once each sample was introduced into the oven at the desired temperature, the
aging time began to be counted when the thermocouple reached the previously set temperature.
Metallographic preparation was done using different abrasive papers, each of them of decreasing
particle size. Then, mechanical polishing was carried out with 1um granulometry alumina. Since
the high corrosion resistance of this alloys, electrolytic etching is recommended for optimal
observation of it microstructure. For this purpose etching was done on each sample using 10% v/v
KOH aqueous solution at an etching potential of 2 V for 14 s. Etching parameters were adjusted
to achieve an optimal contrast between matrix and M23Cg secondary carbides, and thus facilitating
the later quantitative analysis. Optical micrographs were taken using a Leica DM ILM optical
microscope with a DFC 295CCD camera. On each sample, 5 micrographs of 1000X magnification
were taken for make the quantitative analysis. Finally, area fraction of secondary carbides was
measured by image analysis using ImageJ software version 1.41, developed by National Institutes
of Health in the United States of America. The measurement method of this software is based on
the contrast between particles and the background. In this way, the program calculates the ratio
between the total area of the particles and the area of the micrograph, that is, the area fraction of
the particles which, in the case of this work, are the secondary M23Cs carbides. In each optical
micrograph, using Adobe Photoshop CC 2017 image processing software developed by Adobe
Systems Incorporated in the United States of America, both the primary eutectic carbides and the
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background corresponding to the austenitic matrix were suppressed to improve the contrast and
not to consider the measurement of primary carbides.

3 Results and discussion

As an example, in Fig. 1 to Fig. 4 it is shown, for each temperature, some optical micrographs for
some aging times, which were used to measure the fraction in the area of secondary carbides oh
HP40-Nb alloy.

.. § f:' &
i, ) ¥
"\ A

Fig. 1 Sample aged at 1073 Kforlh Flg 2 Sample aged at 1073 K for 8 h

Flg 3 Sample aged at 1173 'K for 1-h | Fig. 45 Sample aged at 1173 K for 8 h

The dendritic type microstructure can be appreciated, as well as the network of primary eutectic
carbides rich in Cr and Nb. In turn, secondary precipitation is observed, the amount of which as a
function of time at the same temperature.

Applying IMAK model for an isothermal analysis, it can be obtained the transformed fraction of
a certain phase, f, as a function of time. The model is exactly accurate for nucleation and growth
reactions with linear growth, while it is a good approximation in cases of nucleation and growth
with parabolic growth, i.e. as in the case of diffusion-controlled growth, if several hypotheses are
met: random distribution of the precipitated phase, isotropic growth, uniform average growth rate
throughout microstructure, the amount of a phase that can be transformed is independent of time,
etc. [19-22]. In this case, secondary M,3Cs precipitation is a thermally activated phenomenon
controlled by diffusion.

The Avrami equation, relates the transformed fraction with aging time by:

f=1-exp(-k.t)" (1)
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where: f - area fraction of secondary carbides
n - Avrami exponent
k [s-1] - pre-exponential factor
t [s] - aging time
The pre-exponential factor, k, is defined by an Arrhenius-type equation as:

k = k,.exp (— %) (2)

where: ko [s*] - constant

Q [kJ/mol] - activation energy of deformation

R [kJ/(K-mol)] - universal gas constant

T [K] - temperature
From the Avrami equation, it is possible to obtain a straight line function of slope n and intercept
n.In(k), which is plotted in Fig. 5, as a function of In(t) for each aging temperature.

In(—=In(1 - f)) = n.In(t) + n.In(k) (3)
For 1073 K, the equation of the fitting function is:

In(—In(1 —f)) = 0,88.In(t) — 8,72 4.
In such a way, for 1173 K, the equation is:

In(=1In(1 — f)) = 0,79.In(t) — 6,73 (5.

(5]

In In(1/(1-f))

&

4 5 [ 7

8
In(t)

Fig. 5 Linear adjustment using the Avrami equation vs. aging time

The kinetic evolution of secondary carbides precipitation was characterized by occurs in a single
step, which is in good agreement with other researches based on this kinetic model [10, 17]. On
the other hand, other authors have found in similar alloys that this reaction occurs, in two steps
[16]. Once the kinetic parameters of the Avrami equation have been calculated for each aging
temperature, it is possible to compare these results with the experimental data of the transformed
fraction, as it is shown in Fig. 6.
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Fig. 6 Evolution of the experimental and calculated transformed fraction vs. aging time
Finally, the activation energy value of secondary precipitation, can be calculated by plotting

n.In(k) as a function of (R.T)? (see Fig. 7), resulting in a linear function defined by the slope Q
and intercept In(ko) and expressed with the following equation:

In(k) = In(ko) — == - In(k) = 14,62 — == (6.
4 sl )
‘..?)x‘wb‘ '.3x“{)‘ x10™ x10”

(RT)'

Fig. 7 Evolution of n.In(k) vs. (R.T)* in order to calculate the activation energy

In this way, the calculated activation energy Q of secondary M3Cs carbides precipitation is 208
kd/mol and ko is 2,23x108 s, This value of Q, allows to identify the mechanism that controls the
precipitation of Cr-rich M23Cg carbides. In this case, as it is a phenomenon assisted by diffusion,
it is important to know the activation energy for self-diffusion of C and Cr atoms. In the case of
C, the self-diffusion energy in an austenitic matrix is of 142 kJ/mol [23] while some authors have
found by JMAL kinetic analysis, an activation energy of 213 kJ/mol for a Fe-30.8Ni-26.6Cr alloy
[16] and of 195 kJ/mol for a 45Ni-35Cr-Nb alloy [10]. As it can be seen, the calculated activation
energy from JMAK model for a HP40-Nb heat resistant alloy would indicate that the mechanism
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that controls the secondary precipitation is the diffusion of the Cr atom through the austenitic
matrix.

4 Conclusions

After applying the classic Johnson-Mehl-Avrami-Kolmogorov kinetic model in order to describe
the secondary precipitation reaction in a HP40-Nb heat resistant alloys, several conclusions can
be enumerated. First, it was found that the phenomenon occurs in a single stage, and the calculated
activation energy of M23Cs Secondary precipitation was 208 kJ/mol. Moreover, this value is
comparable to that corresponding to the self-diffusion of Cr in an austenitic matrix of Ni-Cr-Fe
alloys. For this reason, the diffusion of Cr through the austenitic matrix would be the mechanism
that controls the formation of Ma23Cs-type secondary Cr-rich carbides. Finally, the Avrami
exponent value has very low variation with aging temperature.
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Abstract

Severe plastic deformation (SPD) can induce various phase transformations. After a certain strain,
the dynamic equilibrium establishes between defects production by an external force and their
relaxation (annihilation). The grain size, hardness, phase composition etc. in this steady-state does
not depend on the initial state of a material and is, therefore, equifinal. In this review we discuss
the competition between precipitation and dissolution of precipitates, amorphization and
(nano)crystallization, SPD-induced accelerated mass-transfer, allotropic and martensitic
transitions and formation of grain boundary phases.

Keywords: severe plastic deformation, phase transformations, thermodynamics, kinetics

1 Introduction

Severe plastic deformation (SPD) is a novel class of mechanical treatment which permits to apply
a very high strain to the material without its failure, which is not possible with traditional methods.
SPD always leads to strong grain refinement or even to amorphization of a material. At the same
time, SPD can drive the phase transformations [1-6]. In other words the phases in a material before
and after SPD can be different. Frequently, after SPD a material contains such phases as if it was
annealed at elevated temperature and then quickly quenched [3]. Thus, SPD opens completely
new ways for tailoring microstructure and properties of materials. The understanding of SPD-
driven phase transformations is the topic of this review.

2 Steady-state during SPD

The important feature of SPD is that the sample cannot break during straining, and its shape
remains more or less unchanged. It is especially well pronounced in case of high pressure torsion
(HPT). The small disk between two anvils conserves its shape independently on number of anvils
rotations. The torsion can continue until the anvils (typically made of WC-Co alloy) break. For
example, in case of HPT of Nd-Fe-B alloys the anvils withstand only about 20 rotations [7, 8] but
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in case of soft aluminium-, magnesium- or copper-based alloys HPT can continue up to hundreds
or even thousands anvil rotations [9-13]. When the straining starts, the amount of lattice defects
(like vacancies, dislocations, grain boundaries) expectedly increases. However, it would be
strange to anticipate that the number of defects would increase infinitely during endless anvil
rotations. Even if the HPT proceeds at room temperature when the coefficients of bulk diffusion
are below 103°-10-%° m?s, the relaxation starts. Its rate increases with increasing concentration of
defects until the dynamic equilibrium establishes. In other words, the rate of defects production
becomes equal to the rate of their annihilation (relaxation). Here it is appropriate to mention that
usually HPT (and generally SPD) takes place at room temperature and the samples are almost not
heated during HPT [14, 15]. After HPT treatment they are usually just a little bit warm. The direct
temperature measurements between anvils witness that the temperature during SPD does not
exceed about 40°C [16, 17].

Thus, after a certain number of anvil rotations, the rate of defects production becomes equal to the
rate of their annihilation (relaxation) and the steady-state is reached [5, 18]. The easiest way to
observe it is to measure the torsion torque during HPT. It increases during the transient stage, but
quickly saturates after 1-1.5 rotations in case of Al-, Cu-, Mg- or even Ti-based alloys [1, 5, 13,
16, 19]. In case of harder alloys like Nd-Fe-B the torsion torques saturates after 2-2.5 anvil
rotations [5, 7, 8]. Not only torsion torque, but also the values of the properties or structural
parameters saturate in the steady state. For example, the most prominent feature of SPD is the
grain refinement [13, 20-25]. If one starts to deform the material with grain size of several
millimetres, it quickly decreases down to few hundreds of nanometers. Then, the grain size reaches
the steady-state value, stabilises and does not decrease anymore [17, 26-29]. In the same material,
the steady-state grain size depends first of all on the SPD mode. For example, the smallest grain
size in copper and copper-based alloys of about 15 nm is reached by the ball milling (Fig. 1) [30].
The second strongest grain refiner is HPT [1, 31-36]. This is followed by planar twist channel
angular extrusion (PTCAE) [37], equal channel angular pressing (ECAP) [34, 38], equal channel
angular pressing with the subsequent HPT (ECAP+HPT) [34], equal channel angular pressing
with following cold rolling (ECAP + CR) [39], simple shear extrusion (SSE) [40, 41], and
constrained groove pressing (CGP) [42]. Same tendency is true also for aluminium and its alloys
[43]. The steady-state grain size is also the function of HPT pressure, strain rate and temperature
[5, 18]. It decreases with increasing melting temperature, atomic bond energy, specific heat
capacity and activation energy for self-diffusion [18, 44]. One has to underline that the grain size
in the dynamic equilibrium is a real steady-state value. It means that it is reached not only “from
the top” but also “from the bottom”. In other words, if one starts HPT of steel from the coarse-
grained sample, one quickly reaches the grain size of 15-20 nm [28, 45-51] (Fig. 2). However, if
one starts to deform the nanocrystalline steel sample with grain size of 10 nm produced by
mechanical alloying, the grains do not become smaller. To the contrary, they grow during SPD up
to the same steady-state value of 15-20 nm (Fig. 2) [9]. Similar phenomenon was observed also
in nickel [52, 53] and copper [54].

Together with observation of grain refinement, a huge amount of experimental data is collected
on the Vickers microhardness during and after SPD of copper, aluminium, titanium, magnesium
alloys, steels etc. [10, 17, 29, 55-67]. Usually microhardness increases during SPD [10, 17, 29,
55-67]. It correlates also with tensile strength [13, 24, 25, 57, 60, 68—70]. It is true not only for
rotation angle for HPT but also for number of passes during equal channel angular pressing
(ECAP) [62]. The main mechanism here is the Hall-Petch hardening due to the grain refinement
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[71]. Few exclusions only support this fact. For example, in Al-Zn alloys the Hall-Petch hardening
competes with softening driven by the decomposition of (Al) solid solution, and after HPT the
alloy is softer than before HPT (Fig. 3) [31, 56, 72, 73]. Similar to the grain size, the hardness
value is also a function of material and SPD mode. So, by the increase of the purity of aluminium,
one observes the transition from hardening to softening during HPT [74]. Thus, when the initial
hardness of an alloy is higher than the steady-state one, then softening rather than hardening is
observed during SPD [72].

The decrease of grain size and increase of Vickers microhardness after HPT, ECAP and alternating
roll bonding (ARB) correlates with increase of electrical resistivity of copper [62]. It is important
to underline that different properties (grain size, hardness, torsion torque, lattice parameter,
resistivity etc.) reach steady state not at the same time.

T T T T T T T T
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Grain size, nm

Grain size
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g & ° ‘ ‘
10 § E ° Nusmber of ro!a(ioniD *
1 2 s 4 5 6 1 8
SPD mode, a.u.

Fig. 1  Steady-state grainsize in copper subjected Fig.2 Grain size plotted vs.
to the different SPD modes: 1 — Ball number of torsions for pure
milling (BM) [30], 2 — High pressure coarse-grained steel sample
torsion (HPT) [1, 31-36], 3 — Planar twist (filled circles) [46] and
channel angular extrusion (PTCAE) [37], nanocrystalline steel
4 — Equal channel angular pressing produced by mechanical
(ECAP) [34, 38], 5 — ECAP+HPT [34], 6 alloying (open squares) [9]

— Equal channel angular pressing with
following cold rolling (ECAP + CR) [39],
7 — Simple shear extrusion (SSE) [40, 41],
8 — Constrained groove pressing (CGP)
[42]

3 Competition between dissolution of precipitates and decomposition of supersaturated
solid solution
It has been long time generally believed that SPD always leads to the grain refinement [23, 75]
and to the dissolution of precipitates and formation of supersaturated solid solution. However, we
demonstrated above that the grain size decreased during SPD only in the case if the grains in the
initial sample before SPD are larger than those in the steady-state. If the grains before SPD are
smaller than in the steady state, they will grow during the deformation and reach the same steady-
state grain size “from below” (see Fig. 2). This is true also for the SPD-induced
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hardening/softening (see Fig. 3). Similar is the situation with dissolution/precipitation process. In
the steady-state during SPD a certain concentration in the solid solution css establishes. Its value
is controlled by the dynamic equilibrium between competing dissolution and precipitation. If the
initial concentration in a solid solution cinit is below css, it increases during SPD and precipitates
dissolve. Otherwise, if Cinit > Css, the concentration of second component in a solid solution
decreases and new precipitates appear (so-called dynamic ageing). For the first time such dynamic
ageing has been observed in Al-Zn alloys [73]. Now it is an established topic for investigations
and the instrument for the tailoring the properties of materials [76]. Below, the decomposition of
the solid solution in all discussed cases leads to the formation of small particles of the second
phase (i.e. to precipitation). Therefore, for this discussion we use the terms “decomposition”

and “precipitation” as synonyms.
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Fig. 3  Vickers microhardness plotted wvs.
number of torsions for pure Al-30 wt.
% Zn (filled circles) [31] and Al- 8.8
wt. % Mg alloys (open squares) [55]
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30 wt. % Zn alloy. Large black circle shows the composition of
supersaturated (Al) solid solution in coarse-grained Al-30 wt. % Zn alloy
before HPT (it contained 15 wt. % Zn). Large grey circles show the
composition of phases in ultra-fine-grained Al- 30 wt. % Zn alloy after
HPT [73]. The value of Ter = 30-50°C is also given
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The as-cast Al-Zn alloys were subjected to HPT at 5 turns, 5 GPa and 1 rpm [73]. The coarse-
grained supersaturated solid solution (Al) in the as-cast Al-30 wt. % Zn alloy contained about 15
wt.% Zn. Zn concentration in the solid solution for Al-20 wt. % Zn and Al-10 wt. % Zn alloys
(measured locally by the electron-probe microanalysis) was 7 and 3 wt.% Zn, correspondingly.
In Fig. 4 the respective values for the lattice parameter in (Al) are given, they are well below the
lattice parameter in pure aluminium. The HPT at room temperature produced nanograined pure
Al and pure Zn particles [20, 73]. The supersaturated solid solution also completely decomposed,
and the lattice parameter in all three alloys became non-distinguishable from that of pure
aluminium (Fig. 4). The composition of the solid solutions in Al— 30 wt. % Zn before and after
the HPT is shown by black and grey circles in Fig. 5 correspondingly. The decomposition during
SPD proceeds extremely quickly. Already after about 0.5 rotations of anvils the lattice spacing
becomes equal to that of Al and microhardness reaches its steady-state value [73].

The competition between dissolution of precipitates and decomposition of supersaturated solid
solution has been studied in details for the binary copper alloys [6]. Physically, it is the steady-
state concentration in the solid solution ¢ss which establishes during SPD. However, in order to
compare different binary alloys with different maximal solubilities of a second component, an
idea of a so-called effective temperature Tes is very useful. Thus, after SPD the concentration Cgs
of a second component in the matrix solid solution is as high as if the sample has been annealed
at a certain (elevated) temperature Tes. In other words, css is equal to the solubility of a second
component at Terr. The solubility is defined by the solvus line in the equilibrium binary phase
diagram.

Consider the example of competition between dissolution and precipitation in Cu—Co system [32,
77, 78]. The as cast Cu— 4.9 wt. % Co alloy contained grains of Cu-based solid solution (with
grain size 10-20 um), Co particles with size about 2 pm and fine dispersed Co precipitates with a
size about 10-20 nm [32, 77, 78]. Cobalt fully dissolved in copper matrix after annealing at 1060°C
for 10 h (sample 2). The grain size after this annealing was about 50 um. During annealing at
570°C for 840 h (sample 1), the Cu-based solid solution almost fully decomposed: less than 0.5
wt. % Co remained dissolved in Cu (based on XRD measurements and phase diagram [29]).
After HPT of both samples the Cu grain size drastically decreased to about 200 nm, and that of
Co-precipitates to only 10-20 nm (insets in Fig. 6). The lattice parameter of Sample 1 before
deformation is very close to that of pure copper (diamond in Fig. 6). With an increasing number
of rotations, the lattice parameter of Sample 1 decreased and that of Sample 2 increased. After 5
anvil rotations (1800 deg.) the lattice parameter in both samples becomes almost undistinguishable
and corresponds to the solid solution of Co in Cu with nearly 2.5 wt.%. In other words, the
composition of the solid solution in the Cu — 4.9 wt. % Co alloy after HPT does not depend on the
initial state prior to HPT. This is a so-called equifinal composition Ceq = 2.5 wt. % Co. Thus, the
steady-state with respect to the grain size, size of Co precipitates, torsion torque and concentration
of Co in a solid solution during HPT is indeed equifinal. The composition of Cu-rich matrix in
both alloys before and after HPT is shown in the Cu—Co phase diagram (Fig. 7). The solid solution
in samples 1 and 2 after HPT contains as much Co Ceq ~ 2.5 wt. % Co, as if they would be annealed
at Tefrr = 920+30°C and Terr2 = 870+£30°C, respectively.

Here the analogy appears between thermodynamic equilibrium when the composition of phases
does not depend on the starting state and equifinality when the composition of phases in a steady-
state during SPD also does not depend on the phases in a starting state. The values like equivalent
(effective) temperature Terr and steady-state (equifinal) composition of solid solution ceq are
frequently called attractors in the thermodynamics of non-equlibrium (or open) systems [79].
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and  bright-field TEM  (right)
micrographs of Cu— 4.9 wt. % Co alloy
after annealing at 570°C for 840 h. (b)
Dependence of lattice spacing on the
rotation angle. Circles mark the lattice
spacing in Sample 1 annealed at 570°C
for 840 h. Squares correspond to the
Sample 2 annealed at 1060°C for 10 h.
Diamond shows the lattice spacing for
pure copper. The respective Co
concentration is shown on the right
vertical axis, Ceq~ 2.5 wt. % Co. Insets:
Bright-field (top) and dark-field
(bottom) TEM micrographs of Cu—4.9
wt. % Co alloy after annealing at
570°C for 840 h and HPT (6 GPa, 5
rot, 1 rpm) [32]

composition of Cu-rich matrix
in both alloys before and after
HPT is shown. Circles mark the
data for Sample 1 annealed
before HPT at 570°C. Squares
correspond to the Sample 2
annealed before HPT at 1060°C
[31]. Steady-state (equifinal)
composition of solid solution
Ceq IS about 2.5 wt. % C [32]

In [6] the values of Terr were compared for several Cu-based alloys Cu—Ni [80], Cu—Co [32, 77,
78], Cu-Sn [81-83], Cu—In [84, 85], Cu-Cr [86], Cu-Ag [87-89], Cu—Al-Ni [90, 91] Cu—Hf [6]
(Fig. 8). The Te linearly increases with increase of activation enthalpy of bulk tracer diffusion

Hp. The correlation between activation enthalpy of bulk tracer diffusion Hp and melting
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temperature Tr, of diffusing alloying component also has been found. As a result, Tes linearly
increases with increase of melting temperature Ty, of diffusing alloying component as well. The
observed correlations allow one to predict the behaviour and phase transitions in the Cu-based
alloys under high pressure torsion.
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Fig. 8 (a) Dependence between effective temperature of HPT treatment Tewr of copper-
based solid solutions and activation enthalpy of bulk tracer diffusion Hp of alloying
element [6]. (b) Correlation between effective temperature Ter and melting
temperature Tr, of alloying element in various Cu-based alloys. The values of Hp
and Trm were taken from the handbook [85]

4 Amorphization and nanocrystalisation

SPD produces high amount of defects, thus the material is very far from equilibrium during SPD.
Nevertheless, one can use the equilibrium phase diagrams as an instrument for the description of
phase transformations in the non-equilibrium conditions. This idea goes back to the work of
Georges Martin who developed it for the description of phase transformations under strong
irradiation [92]. His main idea was that the forced mixing induced by irradiation emulates the
increase of entropy and changes the thermodynamic potentials in the alloy. The equilibrium
configuration of the solid under irradiation flux ¢ at temperature T is identical to the configuration
at ¢ = 0 and a certain effective temperature Tes:

Terr = T(1+A) (1.)

If the irradiation-driven movements of atoms are similar in amplitude to conventional diffusion
jumps, they can be described by the “ballistic” diffusion coefficient Dpay and A = Dpan/Dpb, Where
Dy is conventional bulk diffusion coefficient, possibly increased due to the non-equilibrium defect
concentration [92]. It means that one can use the equilibrium phase diagram for the description of
the system under irradiation, but at Te instead of the actual temperature T. For example, if the
liquid phase is present in the phase diagram at Terr, the amorphous phase would appear under
irradiation [92]. Thus, G. Martin proposed to find a temperature Te (usually called effective
temperature) in an equilibrium phase diagram where the given phase appears under irradiation.
The composition of phases after SPD allows to localize those phases in the respective equilibrium
phase diagram and to estimate the effective temperature Tesr. Such a schematic diagram is shown
in Fig. 9. We already used this idea for description of the SPD influence (see Section 3). In our
case we use the value of Dypr for the diffusion-like mass-transfer induced by HPT instead of Dyai.
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The obvious example for the Tesr approach is the amorphization. Let us consider first the HPT of
Nb-Ni-Y alloys [93, 94]. The coarse-grained as-cast Ni—20 wt.% Nb-30 wt.% Y and Ni—18 wt.%
Nb-22 wt.% Y alloys contained before high pressure torsion (HPT) the NiY, NbNis, Ni2Y, NizY>
and NizY phases (point g, Fig. 9) (Fig. 10a) [95, 96]. After HPT these alloys transformed into a
mixture of two nanocrystalline NiY and NbisNi» phases and two different amorphous phases (one
was Y-rich and another Nb-rich) (point 6, Fig. 9). The Ni-Nb-Y phase diagram contains two
immiscible melts above 1440°C (Fig. 10a) [96]. Therefore, the effective temperature is slightly
above Te = 1440°C and can be estimated as Terr = 1450°C (Fig. 10a). It is remarkable that the rapid
solidification of these alloys from the liquid state (point f, Fig. 9) also allows obtaining the mixture
of two amorphous phases.

Temperature

< . i X
B g e C a A
%A —>

Fig. 9 The schematic binary phase diagram showing the points of HPT deformation or
other thermal treatments (stars) and respective configuration points at the
(increased) effective temperatures. The dashed vertical lines denote compositions
of various alloys. Figurative points corresponding to the effective temperature of
the alloys are indicated by an open circle and numbered. Each star point with a
letter indicates the composition and temperature of an alloy’s treatment (normal
cooling, SPD or rapid quenching)

In [7, 8] the HPT has been used for the treatment of liquid-phase sintered hard magnetic NdFeB-
based alloy (5 GPa, 1 rpm, 5 rot, ambient temperature). The amorphization of the crystalline alloy
took place under the action of HPT. This permitted to obtain for the first time the mixture of two
different amorphous phases with embedded grains of the ferromagnetic Nd,Fe1sB phase. The
SPD-treatment at ambient temperature Tspp = 300 K is frequently equivalent to the heat treatment
at a certain elevated temperature Ters > 300 K. The composition of phases in the studied NdFeB-
based alloy after HPT corresponds to the state at Terr ~1170°C (Fig. 11).
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Fig. 10 (a) Liquidus projection obtained by the CALPHAD method of the Y—-Ni—Nb
ternary phase diagram at [95]. The composition of the triple NisgNb2oY30 alloy
used for HPT investigations is marked by the large black circle. (b). Calculated
pseudo-binary section of the ternary phase diagram NisoY 40—NigoNbao [96]. Large
grey circle shows the composition of phases in ultra-fine-grained alloy after HPT
(two amorphous phases and two crystalline ones). The value of Terr = 400°C is also
given

Especially valuable data on the effective temperature at SPD can be extracted from the results on
HPT treatment of Ti—48.5 at.% Ni, Ti-50.0 at.% Ni and Ti-50.7 at.% Ni alloys [97]. The HPT of
equiatomic Ti-50.0 at.% Ni alloy at room temperature (point e, Fig. 9) resulted in the fully
amorphous state (point 5, Fig. 9, Test = 1350°C, respectively). The HPT of the non-equiatomic Ti—
48.5 at.% Ni alloy at 270°C (point h) produced the mixture of amorphous and nanocrystalline
phases (point 7, Terr = 1050°C). When the HPT temperature of the Ti—48.5 at.% Ni alloy increased
up to 350°C (point h), only the mixture of nanocrystaline phases formed, without amorphous
phase. It means that the corresponding point moved from the position 7 in the 3+L region into
position 8 in the two-phase 6+y region and the effective temperature decreased to Tes = 950°C.
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The HPT of another non-equiatomic Ti—50.7 at.% Ni alloy at 200°C (point j) produced the mixture
of amorphous and nanocrystalline phases (point 9, Test = 1250°C). When the HPT temperature of
the Ti—50.7 at.% Ni alloy increased up to 250°C (point k), only the mixture of nanocrystaline
phases formed, without amorphous phase. It means that the corresponding point moved from the
position 9 in the 3+L region into position 10 in the two-phase 6+ region and the effective
temperature decreased to Ters = 1100°C. Therefore, it can be clearly seen from the data obtained
by Prokoshkin et al. [97] that the increase of the HPT treatment temperature leads to the decrease
of Tes. It is in full accordance with the equation (1) because the increase of T leads to increase of
Dy, and at the same time the amount of deformation-driven atomic movements characterized by
Dner remains unchanged. Other examples of amorhization under the action of SPD can be found
in Refs. [98-103]. Nanocrystallization is a process which is opposite to the amorphization. If one
applies SPD to the initially amorphous sample, one can observe that the small nanocrystals start
to appear [104-112]. Obviously, the nanocrystallization and amorphization are also coupled and
competing processes like precipitation/dissolution (see Section 3 above).

1400
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Fig. 11 The 80 at.% Fe section of the Fe—-Nd-B phase diagram. Large filled circle shows
the effective temperature Terr = 1170+30°C [7, 8]

5 SPD-driven accelerated mass-transfer

The discussed SPD-driven phase transformations are connected with redistribution of components
and, therefore, with mass transfer. This SPD-driven mass transfer is diffusion-like, in other words
by the SPD-driven jump of an atom from one lattice position to another this atom has to overcome
the same energetic barrier as during the conventional diffusion.

In [87, 80] we developed a mass-transfer model for the description of dynamic equilibrium in
competitive precipitation and dissolution by the HPT in copper-silver system. This model assumes
that HPT fixes the composition at interfaces between copper matrix and silver precipitate. It has
been shown that the observed steady-state composition in the matrix and precipitate size are
controlled by the HPT-enhanced diffusion-like mass-transfer. We succeeded to calculate the
steady-state concentration ¢ using only the value of bulk diffusion coefficient D. Afterwards we
found the Tesr value supposing that css is equal to the silver solubility in copper at Tes. As in the
cases discussed above in Sections 3 and 4, Terr in Cu—-Ag alloys was higher than the HPT
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temperature Twpr. The fact that usually Terr > Trpr means simply that the steady-state concentration
of vacancies during HPT is higher than the equilibrium one at Twpr. It could be close to the
equilibrium vacancy concentration at Tes [113, 114].

If one substitutes cobalt or silver in the copper-based solid solution, the bulk diffusion coefficient
D of an impurity also changes. According to the Eq (1), the higher D would lead to the lower Test
and lower D requires higher Ter. Fig. 8a contains the plot showing nearly linear correlation
between activation enthalpy of bulk diffusion Hp and Tes. Physically, such correlation is easy to
understand because the high Hp means also high energy barrier for the jumps of alloying atoms
between lattice positions in copper. Increased energy barrier for atomic jumps decreases the
diffusivity and relaxation rate in the dynamic equilibrium between precipitation and dissolution
during HPT. In turn, slow relaxation, increases the steady-state concentration of non-equilibrium
lattice defects (vacancies). As a result, Tess would increase as well.

The SPD-driven mass transfer proceeds extremely quickly and in ambient conditions without
substantial increase of sample temperature [115]. Usually, the time for establishment of steady-
state by HPT is about 2-5 minutes. It varies by change of pressure, strain rate and HPT
temperature, but not more than one order of magnitude. One can estimate the observed SPD-
driven mass-transfer using the effective diffusion coefficient and compare it with “conventional”
diffusion coefficients at temperature of HPT-treatment and at Tes.

The SPD-driven phase transformations can also be analyzed when assuming [1] that the steady-
state concentration of lattice defects during SPD is higher than that in the equilibrium at the
temperature of SPD-treatment, Tspp, and pressure of the SPD-treatment, Pspp. It has been indeed
observed in the direct measurements of vacancy concentration during HPT [115, 117]. This
concentration would be equal to the equilibrium concentration of lattice defects at a certain
effective temperature Tesr [1]. In case of Cu—Co system Terr amounts to Tess = 900°C (Fig. 7). Fig.
7 shows the composition of Cu-rich matrix in both alloys before and after HPT in the Cu—Co phase
diagram. The Cu-rich solid solution in both alloys after HPT contains as much Co Ceq = 2.5 wt. %
Co, as if they would be annealed at Tets = 900°C.

The extrapolation of bulk diffusion coefficients to Tes gives D = 5x10-24 m?/s for diffusion of Co
in Cu [118] and D = 102 m%s for self-diffusion in Cu [119]. Indeed, the deformation driven
mechanisms can ensure the mass-transfer rate which is comparable to the bulk diffusion fluxes at
Terr = 900°C. The bulk diffusion fluxes at 900°C could ensure the decomposition/precipitation
rates even if the effect of pressure is taken into account [120, 121].

6 Allotropic and martensitic transformations

Many elements exist in different allotropic modifications at different temperature and pressure.
The most prominent examples are iron, cobalt, titanium. For example, the Co—Cu alloys before
HPT contain the (metastable at room temperature) fcc a-Co phase, but after HPT the ¢-Co phase
appears in the samples [1, 59, 60, 122]. Even more interesting is the situation in Ti, Zr and Hf
where the high-pressure o-phase exists [123]. The Ti, Zr and Hf possess also two different
allotropic modifications at ambient pressure, namely the low-temperature hcp a-phase and high-
temperature B-phase. HPT leads to the transitions of a- and B-phases to the m-phase which remain
in the samples after pressure release [123-126]. The alloying of titanium with B-stabilizers (like
Fe, Co or Nb) strongly modifies the a-B-w-transformations [126—130]. For example, the B-to-m-
transformation in Ti-alloys is martensitic [126-128]. There are special orientation relationships
between B and o lattices which ensure the diffusionless martensitic transformations where long-
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range mass transfer is not needed and the atoms conserve more or less their neighbors before and
after transition [131]. It has been observed, for example, that iron addition changes the lattice
parameters in B and ® phases in such a way that in the Ti — 4 wt. % Fe alloy the orientation
relationship fulfils optimally. At this concentration the amount of ® phases transformed from the
B one reaches almost 100% and decreases by lower and higher Fe concentration [126, 127]. The
metastable w-phase disappears by heating around 150°C in pure titanium. However, the alloying
can stabilize it up to 500°C [131, 132].

HPT of silicon and germanium also leads to the formation of metastable high pressure phases
[133, 134]. In [135] the single crystalline Si(100) was subjected to HPT at 24 GPa at room
temperature. The HPT-processed samples contained lattice defects such as dislocations and
nanotwins in diamond-cubic Si-1, and metastable phases such as body-centered-cubic Si-I1l and
hexagonal-diamond Si-1V. In [134] crystalline Ge disks were subjected to HPT under the nominal
pressure of 24 GPa. The samples processed at room temperature consisted of diamond-cubic Ge-
I and simple tetragonal Ge-lll nanograins in addition to amorphous regions. The samples
processed at 77K consisted of Ge-l as well as residual Ge-111 nanograins and some amorphous
phase. No other metastable phases such as body-centered-cubic Ge-1V or hexagonal-diamond Ge-
V were observed in the cryogenic HPT-processed sample.

Similar to the semiconductors Si and Ge, plastic deformation of oxides is generally very difficult
due to their hard and brittle nature resulting from their covalent or ionic bonding. However, the
HPT technique allows one to keep the silicon, germanium or oxide samples in the confined space,
the samples cannot break or “escape” from the volume between the HPT anvils. This unique
feature allows one to reach the high strains in the oxides. Moreover, one can start from powder
samples. HPT first compact the powder and then ensures the deformation. Thus, the opportunity
to strain oxides and/or metal/oxide composites is very general [136]. However, here we discuss
only the cases where oxides possess different crystal lattices and respective phase transitions can
take place.

Crystalline VO transformed from the coarse-grained monoclinic phase to a nanograined triclinic
phase with insulating electrical properties by plastic strain effect [137]. The anatase-to-rutile phase
transformation in TiO2 usually occurrs at 1173 K. During HPT of titania ceramic nanopowder the
anatase-to-rutile transformation took place at 473-573 K [138]. The formation of rutile phase was
accompanied with dynamic recrystallization and an unusual grain growth. A high-pressure TiO,-
Il phase (columbite) with the orthorhombic structure was formed by HPT under pressures of 1 and
6 GPa. Fraction of TiO»-Il increased with increasing the plastic strain and remained stable at
ambient pressure. TiO.-11 was stabilized in grains with sizes less than ~15 nm because of high
energy barrier for reverse phase transformation, while larger grains had the anatase structure [139].
Barium titanate, BaTiOs belongs to the group of perovskite oxides with the general ABO3 formula.
BaTiOs transforms under ambient pressure from a rhombohedral structure to an orthorhombic
phase at —90°C, to a ferroelectric tetragonal phase at 5°C, and to a paraelectric cubic phase at
120°C [140-143]. At ambient temperature, it exhibits a tetragonal-to-cubic phase transformation
at 2 GPa [140-143] and it disorders at 5 GPa [144]. HPT of tetragonal BaTiO3 powders leads to
the formation of cubic phase and to strong grain refinement [145].

ZrO- has a monoclinic phase at room temperature under ambient pressure, and transforms to a
tetragonal phase at 1373 K, a cubic phase at 2673 K, a liquid phase at 2963 K and an orthorhombic
phase under pressures above 10 GPa [146]. However, addition of specific elements such as Y to
ZrO, stabilizes the tetragonal phase at room temperature [147]. This partially stabilized ZrO,
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exhibits a phase transformation from tetragonal to monoclinic [148]. During HPT the
transformation with a coherent interface occurs from the metastable tetragonal phase to the
monoclinic phase [149].

7 Grain boundary phase transitions

Severe plastic deformation drives not only phase transformations between 3-dimensional or bulk
phases discussed above. SPD can also lead to the various grain boundary (GB) phase transitions.
The most prominent GB phase transformations like wetting-dewetting ones take place in the two-
phase (or multiphase) regions of the bulk phase diagrams [150]. In case of complete wetting, the
second phase (liquid or even solid one) forms the continous layer between two grains in the matrix
[13, 24, 151]. In this case the contact angle between GB and second phase is zero [152]. In case
of incomplete (or partial) wetting, the second phase (liquid or solid) forms the chain of individual
particles along GB with a certain non-zero contact angle [153, 154]. If the amount of wetting phase
is small, the continous layer between two grains can become very thin, it contains few monolayers
of a second component and is just a couple of nanometers thick [155-157]. If the amount of a
second component in GB is below one monolayer, one speaks about conventional GB adsorption
[157, 158]. If the GB contact angle is high, but the GB between individual particles of a second
phase contains few monolayers of a second component, one speaks about pseudopartial (or
psedoincomplete, or constrained complete) GB wetting [159-161]. The transitions between these
different GB states (phases) are called GB transitions, and they also can be driven by SPD, similar
to the bulk (or volume) ones.

The grain size after SPD is very small. In other words, the specific area of grain boundaries in a
volume unit increases. Therefore, the “conventional” grain boundary phase transitions become
more pronounced then in the coarse-grained materials. For example, the usage of the ultrafine-
grained polycrystals made it possible to observe and measure the thermal effect of the GB
premelting phase transformations [162—-165]. In other words, the liquid-like GB layers form well
below the bulk solidus line. As a result, the melting in GBs begins during heating 10-15 °C earlier
than in the bulk [162-165]. Between bulk and GB solidus the (generally solid) polycrystal contains
thin liquid GBs. Such a materials possesses extremely high plasticity [166—170]. The high specific
density of GBs in the SPD-treated alloys allowed one also to observe the thermal effect of phase
transition from incomplete to complete GB wetting [163-165]. It takes place between bull solidus
and liquidus lines.

Even in case of one-layer GB adsorption (i.e. when the concentration of a second component per
GB unit area is below one monolayer), the specific area of GBs in SPD-treated polycrystals is so
high that a big amount of a second component is needed to fill all GB adsorption layers. These
adsorbed GB atoms are taken away from the bulk second phase. As a result, the amount of bulk
second phase decreases, it can disappear completely (like, for example, disappears cementite in
steels). In such a way, the GB adsorption can apparently shift the lines in the bulk phase diagrams
for the ultra-fine grained materials in comparison with their coarse-grained counterparts [170—
173].

The HPT of the Al-Zn, Al-Mg and Al-Zn-Mg alloys leads to the formation of 2-5 nm thin GB
layers of Zn-rich phase [75, 174-182]. The contact angle between Zn particles and GB is high,
the GB between individual particles of a second phase contains few monolayers of a second
component. In other words, here one can speaks about pseudopartial GB wetting [159-161]. The
presence of “soft” Zn-rich GB layers between grains of “hard” phase leads to a kind of lubricating

DOI 10.12776/ams.v25i4.1368 p-ISSN 1335-1532
e-ISSN 1338-1156



Acta Metallurgica Slovaca, Vol. 25, 2019, No. 4, p. 230-252 243

during GB sliding. As a result, the ultrafine-grained Al-based alloys become superductile [175—
177, 179-182]. The opposite effect can also take place. Thus, the second solid phase can form
before HPT the continous layers in GBs of a matrix (so-called complete GB wetting). If this phase
is hard (like for example in case of Cu-Sn or Mg-based alloys), the soft matrix deform during
HPT and its grains are refined, but the hard skeleton of intermetallics in the initial GBs remain
more or less intact and ensure the high hardness of an alloy [13, 24, 76, 79]. All these SPD-driven
GB phenomena are now under intensive investigations.

8 Conclusions

It is frequently observed that the phases in the materials after severe plastic deformation differ
from those in the initial state. During SPD established a steady-state, and structure and properties
of a material in this steady state do not depend on the initial state and are, therefore, equifinal. The
SPD-induced phase transformations proceed very quickly, they include precipitation and
dissolution of precipitates, amorphization and (nano) crystallization, allotropic and martensitic
transitions and formation of grain boundary phases.
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Abstract

Aluminium6061 alloy composites containing various volume fractions of Silicon Carbide (SiC)
particles (0, 5%, 10%, 15%, 20% and 25%) were prepared by stir casting method. In the current
study, microstructures and mechanical properties of cast silicon carbide (SiC) reinforced
aluminum matrix composites (AMCs) were investigated. Optical microscopic examination, SEM,
tensile strength test, hardness test and elongation test were carried out. The results showed that
with the addition of SiC reinforcements in Aluminum6061 matrix increased hardness and tensile
strength however, decreased elongation at 25% SiC reinforced AMC. Hardness and tensile
strength were observed to be are maximum at 25% SiC and elongation is minimum at 25% SiC.
Microstructural observation confirmed clustering and homogeneous distribution of SiC particles
in the Al6061 matrix.

Keywords: Metal Matrix Composites, Aluminium Alloy 6061, Silicon Carbide, SEM

1 Introduction

High strength, low specific density and good wear resistance are the main keys of the Aluminium
matrix composites with incorporation of fourth alloying materials fibers or particles and whiskers.
The metal reinforced aluminium matrix composites are economical but also have good mechanical
properties [1]. Many methods are available for fabrication of particulate reinforced metal matrix
composites (MMCs) such as powder metallurgy [1, 2], casting method [3], squeeze casting [4]
and compo-casting.

Several researchers have reported that the use of hard particles (Al,O3 or SiC) in aluminum alloys
improve the mechanical properties of these alloys [5]. Tensile strength, hardness and elongation
are main big problem for aluminium alloy matrix. There is no general relationship established
between mechanical properties (Tensile strength, hardness and elongation) microstructural factors
and processing parameters. Recent studies revealed that the strength of matrix interface and
mechanical properties of matrix materials affected by the addition in the volume fraction, and
spatial distribution of second phase particles [6].

A non-metallic ceramic such as SiC, Al,Os, SiO,, B4C, Al-N are used in an AMC matrix because
of pure aluminium or an alloy of it. Aluminium alloys are used in AMC due to high corrosion
resistivity, high damping capacity, low density and good electrical and thermal conductivities [7].
SiC, Boron and Al,Os particles are affected in tensile strength, hardness and elongation behavior
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of MMCs. However, a limited number of researches have been reported on the abrasion behavior
of ceramic particle reinforced aluminium alloy composites [1].

The purpose of the current study is to: (a) produce particle-reinforced metal matrix composites by
stir casting method and; (b) measure the density, hardness and ultimate tensile strength, elongation
and microstructure of the composites.

2 Experimental Procedures

Aluminum metal matrix composites were prepared at various volume fractions of SiC particles
fabricated by stir casting method. Aluminium6061 alloy was used as the matrix material and SiC
particles were used as the reinforcement material. The SiC in the experiments was supplied by
Norton Co. The composite was prepared by stir casting method for fabrication which gives the
uniform distribution of reinforcement particle. Silicon carbide, which is used as a mesh with the
particle size of 200/+300 (particle size is below 74pm and above 53um). It is a very fine powder
in appearance and has high hardness value therefore; silicon carbide is used for reinforcement
purpose in powdered form. In the present study, the chemical composition of Aluminium 6061
alloy used is presented in Table 1.

Table 1 Nominal Chemical Composition of Aluminium Alloy (Al6061)
Elements | Si Cu Ni Zn Sn Mn Mg Pb | Fe | Cr Ti Al
% 0.43 | 0.24 | 0.05 | 0.25 | 0.001 | 0.139 | 0.802 | 0.24 | 0.7 | 0.25 | 0.15 | Balance

In this process of fabrication, a dispersed phase and a molten metal matrix are mixed together with
the help of mechanical stirring. Firstly, Aluminium6061 is taken in the form of plates. These plates
were then placed in a graphite crucible chamber and heated using the electrical resistance furnace.
The temperature of the furnace is set at 750°C. Once Aluminium6061 is completely melted, silicon
carbide which is in form of powder was poured into the same crucible chamber with different
percentages and temperature was gradually increased to 1000°C. While pouring the reinforcing
material into the matrix material; a constant speed of 300 rpm with the help of mechanical stirrer
was maintained to create a vortex. The stir was carried out for approximately 30 minutes to obtain
a uniform mixture. Afterwards, molten MMC is poured into a sand cast to obtain MMC pipe. The
cast was quenched with water in order to cool down MMC quickly. This procedure was repeated
for silicon carbide at various volume fractions of 5%, 10%, 15%, 20% and 25% [6, 8, 9, 10].

To investigate the microstructure of the specimens, 1000 and 1200 grit papers were used in
grinding for preparing the specimen surfaces. Then 3pm diamond paste was used for the polishing
[10]. Etching was done with the help of Keller’s reagent in order to conduct micro structural
testing and the mechanical characterization. The etched specimen was observed under both,
optical microscope as well as scanning electron microscope.

3 Results and Discussion

3.1 Microstructure

The grain size of the aluminium composites was smaller than that of the aluminum alloy and the
grain size of composites decreases with the increase of volume fraction of SiC. It was observed
that major portion of SiC particles segregated along the grain boundaries. At the melting stage and
the solidification stage, the microstructures of the composites were investigated. The ultrasonic
treatment dispersed SiC particles at the melting stage [9].
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Fig. 1 SEM micrograph (a) Distribution of Al6061/5%SiC composite (b) Fractured surface of
Al6061/10%SiC composite
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Fig. 2 Optical images (a) Al6061/5%SiC composite (b) Al6061/10%SiC composite (C)
Al6061/15%SiC

It is clearly observed that most of SiC particles are dispersed in the aluminium i.e. uniform
distribution of the SiC on each composite particle surface. When composite powders are used for
the melting, AI6061 start to melt, firstly on the outer surface and then on from the inside while
gradually releasing the SiC particles into the molten mix which is evident from a good distribution
in the melt [11].

DOI 10.12776/ams.v25i4.1359 p-ISSN 1335-1532
e-ISSN 1338-1156



Acta Metallurgica Slovaca, Vol. 25, 2019, No. 4, p. 253-258 256

Fig. 1 depicts SEM fracture surfaces of the composite with the volume fraction of the SiC particles
of 5% and 10%, respectively. A typical ductile fracture can be observed in the Fig. 1 with
numerous dimples over the entire surface are visible and it shows both the ductile and brittle
fracture. All these fracture surfaces have dimples in the matrix and de-cohesion of SiC particles
in the matrix. The reason of dimples is the void nucleation and subsequent coalescence because
of a strong shear deformation and fracture on the shear plane are the primary reasons for cause of
such dimples. It can also be seen that increasing the volume fraction of the SiC particles decreases
the ductility of the material while it increases the brittle behavior of material. This is the major
difference between the fracture surfaces [12, 13].

Fig. 2 shows the optical microstructures of the composites with 5%, 10% and 15% volume
fractions of the SiC particles. It is evident from the Fig. 2 shows that 5%, 10% and 15% volume
fractions of the SiC particles are uniformly distributed in the Al matrix. Also, SiC pores and grain
boundaries can be observed in the aluminum composites as evident in Fig. 2, the pores are evident
and there is an increase in the pore percentage with an increase in the SiC particles which indicates
that the interfacial cohesion is weak between the SiC particles and matrix [9].

3.2 Mechanical properties

Table 2 shows the mechanical properties of the composite as a function of the volume fraction of
the SiC particles. It also illustrates that with an increase in the volume fraction of the SiC particles,
there is an increase in both tensile strength as well as hardness. While the elongation decreases
with an increase in the volume fraction of the SiC particles. Increase in the strength of the
composites but degradation the plasticity of the composites with increase in SiC particles has been
reported earlier [14, 15, 16].

Table 2 Mechanical properties of composites (Al6061/vol% SiC)

Volume fraction of Tensile Vickers Hardness Elongation
SiC particles (%) Strength (MPa) (VH) (%)
0 82 23.50 24.3
5 93 37.25 15.2
10 99.5 42.3 11.4
15 113 44.10 9.1
20 128 46.23 6.9
25 145 47.3 5.7

In general, a decrease in the plasticity but an increase in the strength of composites with addition
of SiC particles can be related to formation of micro crack formed during deformation. Also SiC
has high strength but is brittle in nature. It was observed that two types of the micro cracks were
initiated by the addition of SiC particles. First interfacial cohesion is strong while the second
interfacial cohesion is weak between SiC and matrix. In first condition, at high stress
concentration, the local strain and dislocation density reached the critical values and the SiC
particles fractured to nucleate micro-cracks while in second condition, before the SiC particles
could fracture, the SiC particles and matrix happened to nucleate micro-cracks. SONG et al [9]
reported similar kind of results from 2008 to 2015.

Table 2 shows the experimental data and it can be seen from the data that elongation of the
composites decreases with the volume fraction of the SiC particles. Decrease in the elongation of
the composites can be achieved by the decrease in the dislocation slip distance with the increase
in the volume fraction of SiC particles [10].
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Fig. 1 shows a typical SEM image of the fabricated composite with 5% and 10% SiC volume
fraction. In this composite, pores are uniformly distributed in the matrix. Appearance of pores in
the matrix (due to the low die-pressing pressure) reduced the plasticity of the composites and is
predominant in initiation of the micro crack formed during deformation [17, 18].

There is an increase in the average hardness of composite with an increase the amount of SiC
particulate. But this SiC can be allocated to (a) the presence of harder SiC particles and (b) during
indentation, higher restrictions to the localized matrix deformation. So the presence of stronger
and stiffer particles accommodate in preventing localized plastic deformation of the matrix during
micro-hardness indentation [19].
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Fig. 3 Mechanical properties of composites (Al6061/vol% SiC)

The micro hardness of composite means the interface bonding between reinforcing particles and
matrix. Table.1 shows the Vickers hardness values of composite for varying volume fraction of
SiC reinforcement. Table.1 also shows the addition of SiC particles in AI6061 matrix composites
and Fig. 3 shows that the hardness is increased with an increase in volume fraction of SiC. The
presence of harder and well bonded SiC particles in Al matrix that impede the movement of
dislocations increases the hardness of AMCs [20, 21].

4 Conclusions

AI6061 with varying SiC content (0%, 5%, 10%, 15%, 20% and 25% volume fraction) were
prepared by stir casting method. Microstructure and mechanical properties (hardness, tensile
strength and elongation) characteristics of the prepared composites were investigated. Based on
experimental evaluation, following conclusions are evaluated:

1. A stir casting route was developed for the metal matrix composites by adding SiC
particles. Various sizes of MMCs could be produced successfully by stir casting method
consisting of 10% and 25% volume fraction of SiC particles.

2. Clustering and homogenous distribution of SiC particles in AI6061 matrix were observed
in the microstructures.

3. The increase in compressive strength hardness of composite due to the addition of SiC
particles because SiC is harder than AI6061 matrix.

4. Mechanical properties (tensile strength and Vickers hardness) of composites increased
and elongation is decreased as increased of volume fraction of SiC. Fig. 3 confirmed that
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tensile strength and Vickers hardness are maximum 25% SiC content and elongation is
lower at 25% SiC content AMC.
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Abstract

The kinematic viscosity and electrical resistivity of equiatomic liquid alloys CuNiAl, CuNiAlCo,
CuNiAICoFe has measured during heating of the sample to 2070 K and subsequent cooling. We
consider CuNiAl, CuNiAICo, CuNiAlCoFe alloys of equiatomic compositions as the multi-
principal element alloys (MPEAS), the complex concentrated alloys (CCAs), the high-entropy
alloys (HEAs). The measuring results of the vickosity and the resistivity are discussed on base the
available microgeterogenity concept. We searched the temperatureT*of the heating a melt for
destroy of microheterogeneity. T* is the temperature of the beginning of the matching portion of
the temperature dependence of the viscosity and resistivity which is obtained by heating and
cooling. All the investigated melts demonstrated different temperature dependence of viscosity
for heating and cooling. The temperature T*=1800 K were determined only for liquid alloy
CuNiAl of equiatomic composition. For alloys CuNiAlCo, CuNiAICoFe the coinciding part of
the temperature dependences of the viscosity which are obtained by heating and cooling is absent.
The results of viscosity are discussed within the theory of absolute reaction rates. Entropy of
activation of viscous flow and free activation energy of viscous flow were determined by
analyzing the temperature dependences of kinematic viscosity. The increasing of components
quantity in the alloy leads to the increasing of the free activation energy of viscous flow and the
volume per structural unit of the melt (ion, atom, or cluster). The measuring results of resistivity
were interpreted using the Nagel-Tauc model. The temperature coefficient of resistivity
(characteristic of the structural state of the melt) was determined. The temperature dependences
of the CuNiAl liquid alloy resistivity measured upon heating to 2070 K and subsequent cooling
do not coincide.The value of T*temperature for alloy CuNiAl of equiatomic composition is 1850
K. For CuNiAICo, CuNiAlCoFe alloys the temperature dependences of the resistivity which are
obtained by heating and cooling are coinciding. This means that destroy of microheterogeneity for
melts after heating up to 2070K did not occur. The temperature coefficient of resistivity of the
CuNiA liquid alloy irreversibly decreases when it heated to a temperature of 1850 K.This is
evidence of the destruction of microheterogeneity with the formation of a homogeneous solution
at the atomic level. The increasing of components quantityin the alloy leads to a decreasingof
thetemperature coefficient of the resistivity (in cooling moda). According to the ideas of Nagel
and Tauk, an irreversible decrease of the temperature coefficient of the specific resistance of the
melt indicates an increase in the volume per structural unit of the melt (ion, atom, or cluster)

Keywords: multi-principal element alloys (MPEAS), complex concentrated alloys (CCAs), high-
entropy alloys (HEAS), melts, microheterogeneity, viscosity, resistivity
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1 Introduction

CuNiAl, CuNiAICo, CuNiAlCoFe alloys of equiatomic compositions are the multi-principal
element alloys (MPEAs), the complex concentrated alloys (CCAs), the high-entropy alloys
(HEAS). The fields of MPEA, CCA, HEAs have expanded and now include microstructures with
any number of phases and phases of any type.The scope of their application includes both
structural and functional materials [1-6]. Regardless of classification, the researchers are based on
the study of structure-properties and processing relations in these multicomponent alloys with the
aim to surpass the physical properties of conventional materials [7]. Currently, two concepts HEA
are being formulated: the ‘entropy effect’ and the ‘sluggish diffusion’ [1,2]. The effects of entropy
on the structure and properties of alloys are summarized in terms of thermodynamics, Kinetics,
and size and position of atoms [1,3]. "The sluggish diffusion effect" of the HEA leads to the low
coarsening rate of solid phase compared with other conventional alloys [2]. A rationale for the
HEA:s is that the configurational entropy contribution to the total free energy in alloys with five
or more major elements can stabilize the solid-solution state relative to multiphase
microstructures. It is important factor in the obtaining of high-entropy alloys is the high cooling
rate of metal during crystallization which makes it impossible to disintegration of solid solution
and formation of chemical compounds.

Most of the HEA research focused on alloy design, microstructural characterization, and
mechanical testing rather than manufacturing, processing, and industrialization, although the
properties, microstructures, and performance are strongly dependent on processing. The
manufacturing process of HEAs can be classified into three main routes: liquid processing,
mechanical alloying, and mixing elements of the vapour state [8]. In this article, we aim to describe
the liquid of processing, the cast manufacturing processes applied to HEAs. High-entropy alloys
(HEAs) can have either high strength or high ductility; a simultaneous achievement of both at the
same time is still a difficult task. The inferior cast ability and compositional segregation of HEAs
are also obstacles for their technological applications. To solve these problems we proposed a
novel strategy to design HEAs using the microgeterogenity concept. This concept is basedon
numerous experimental data which indicate that at temperatures higher than the liquidus
temperatures multicomponent metallic alloys can have microheterogeneities, the chemical
composition of which differs from the composition of the surrounding melt for a long time [9]. To
destroy of the microheterogeneity a liquid metal should be overheated to the temperature that is
certain for each composition. After this action the melt irreversibly transforms into the state of the
true solution which substantially changes the conditions of its solidification. Thehighcooling rate
of metal which is technically difficult to ensure can be replaced by the destruction of the
microinhomogeneity of the liquid HEA before crystallization. It is known that subsequent cooling
and crystallization even at relatively low cooling rates (1-10 K/s) enables to obtain a
microstructure similar to the microstructure that is formed at high cooling rates.

Alloys of the Cu — Ni — Al — Co — Fe system are the subject of extensive structural studies [10-
11], nevertheless, the properties of the liquid state of these alloys [12-14] associated with their
processing arelittlestudied. For example, the density of the liquid equiatomic AICoCrCuFeNi alloy
as well as the quaternary AlCoCuFe alloy was determined over a wide temperature range [12].
The viscosity of CuNiAl liquid alloys was studied using the oscillating crucible method [13] and
the enthalpy of mixing AH of liquid ternary CuNiAl alloys at 1700 K was measured using a high-
temperature mixing calorimeter [14]. The values the electrical resistivity and viscosity of liquid
Cu-Nibinary alloys were measured [15-16].Similar results for the ternary system Cu-Ni-Al are not
known to the authors.
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In this work we based on the available microgeterogenity concept. The liquid AICuNi, AICuNiCo,
AICuNiCoFe alloys have been qualitatively studied by measuring the viscosity and resistivity
during the heating/cooling process. The results of viscosity and resistivity measurements of the
CuNiAl, CuNiAICo, CuNiAICoFe melts equiatomic composition are important for cast industry
also.

2 Experimental material(s) and methods

The samples CuNiAl, CuNiAlCo and CuNiAlCoFe alloys equiatomic composition were obtained
by vacuum arc melting at laboratory. High purity metals, i.e., aluminum of A999 special purity
grade, 99.9%, copper of the MKkOO brand (99.98%) and carbonyl iron (special purity grade,
99.98%) were applied as initial materials.

The kinematic viscosity was measured using by the oscillating cylinder method during heating
and subsequent cooling. The measurements were carried out in the liquidus temperature range up
to 2070 K with an isothermal delay at least 30 min with relatively small (50 K) stepwise
temperature changes. A set temperature was maintained accurate to 1K using a high-precision
controller. The vibration parameters were measured optically using aphoto recording system of
vibrations. We used BeO crucibles in all experiments. All the experiments were carried out in a
high-purity helium atmosphere at a pressure of 10° Pa.We did not observe signs of melt
evaporation and a decrease in the sample mass. The kinematic viscosity was measured using the
unit described in [17]. The systematic error of measuring viscosity was 3%, including a random
error of no higher 1.5% at a confidence level 95%.

The resistivity p of liquid CuNiAl, CuNiAICo and CuNiAlCoFe alloys equiatomic composition
were measured using the rotating magnetic field method during heating to 1830K and subsequent
cooling. A working chamber was initially evacuated to 0,001 Pa, and then filled with helium to a
pressure of 10° Pa. Samples were kept in the chamber with an inert atmosphere for 5-8 min at the
melting temperature and then heated to 1830K at a step of 30-50K. Isothermal holding at the
measurement points was at least 15 minutes. The electrical resistivity was measured using the unit
described in [18]. The estimation of the error in the measurementof resistivity by the technique
described in [1] showed that the total relative error was about 3% when using BeO crucibles. The
systematic error in theresistivity measurement was 5%, including the random error no higher 2%
at a confidence level of 95%.

3 Results and discussion

Figures 1-3 show the results of a viscosimetric study of liquid alloys CuNiAl, CuNiAICo,
CuNiAlCoFe of equiatomic composition. All the studied melts demonstrate different temperature
dependences of viscosity when heated to 2070 K and cooled, i.e., a hysteresis. The temperature
T* is the temperature of the beginning of the coinciding part of the temperature dependence of the
viscosity which is obtained by heating and cooling. The value of temperature T* for alloy CuNiAl
of equiatomic composition is 1800 K (Fig. 1). For CuNiAICo, CuNiAICoFe alloys, the coinciding
part of the temperature dependences of the viscosity obtained during heating and cooling is absent
(Fig. 2-3). We showed that the hysteresis appears only when the CuNiAICo alloy is heated to 2070
K (Fig. 2). This means that destruction of microheterogeneity and the transition of the melt state
intothe true solution after heating to 2070 K for CuNiAlCo, CuNiAlCoFe alloys did not occur. It
is interesting to note that viscosity values for all studied melts during cooling were equal to or
higher than the corresponding values recorded during heating (Fig. 1-3). The most significant
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increase in the viscosity at low temperatures (near liquidus) is characteristic for CuNiAlCoFe melt.
An increase in melt viscosity during cooling in a microinhomogeneous state can explained by
process of dispersion of microheterogeneities. The changes in viscosity occurred non
monotonically when heating of the liquid alloys CuAlINi, CuNiAlICoFe. The temperature
dependency of viscosity for cooling is monotonic and obeys an Arrhenius law v = Aexp(%-l.)
for all alloys (Fig. 4). Our attention was focused on changing the characteristics of the viscous
flow of melts. The activation energy of viscous flow E and the entropy factor A in the Arrhenius
equation change when a liquid alloy is heated to the temperature T* (T*- is temperature of
structural transformations).
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Fig. 1 The temperature dependences of the kinematic viscosity of the CuNiAl melts
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Fig. 2 The temperature dependences of the kinematic viscosity of the CuNiAICo melts
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Fig. 3 The temperature dependences of the kinematic viscosity of the CuNiAlCoFe melts
(- heating, o — cooling)

According to absolute reaction rate theory [19], themelt viscosity is described by the equation:

Y :Mexp(AGV )= NA A7) exn2H7 ) where h-Planck’s constant,N-Avogadro, AG*-the
u RT R RT
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free activation energy ofviscous flow, p-Molar mass, AH?-the enthalpy of activation of viscous

flow, AS”-the entropy of activation of viscous flow, R -the universal gas constant andT-

temperature. The Entropy factor in the Arrhenius equation 4 :%exp(— Az
y7i

entropy of viscous flowAS*. We calculated the free activation energy of viscous flowAG*and the
entropy of activation AS* of viscous flow for all liquid alloys upon cooling (Table 1).Increasing
of components quantity in melt leads to increasing of the free activation energy of viscous
flowAG* and the entropy of activation of the viscous flow AS*. In accordance [16, 20] entropy
factor A in the Arrhenius equation is presented in this work as a function of volume per melt

) depends on the

- h .
structural unit (ion, atom, or cluster) v : 4 :—d. The volume per structural unit of the melt
U.

__H
A-d N,-d
melt. Thus, an increase in the number of components in the alloy leads to an increase in the free

activation energy of viscous flow AG” and volume per structural unit of the melt (ion, atom, or
cluster) v.

: L AS* . .
(ion,atom, or cluster) is in this case v = -exp( - ), where d is the density of the

Table1 The free activation energy of viscous flow AG™ , and the entropy of activation of
viscous flow AS* for melts upon cooling

The alloy The entropyof activation of | The free activation energy
viscousflow AS*(J-K1) of viscous flow x#,
(kJ-mol K1)
CuNiAl -26.65 15.96
CuNiAICo -24.30 22.05
CuNiAlCoFe -21.48 27.29
14,2 .
-14,4 MCUNIN
14,2 4 o) CuNiAIlCo
; 144
-14,2 A
M CuNiAlCoFe
-14,4
-14,6 T T T |
0,00045 0,0005 0,00055 0,0006 0,00065 1/T (K)

Fig. 4 The dependences of Inv (1/T) for melts upon cooling

Fig. 5 shows results of the resistivity study of liquid alloys CuNiAl, CuNiAlCo, CuNiAlCoFe
equiatomic composition. The liquid alloy CuNiAl demonstrates a different temperature
dependence of the resistivityfor heating and cooling, i.e., a hysteresis (Fig. 5).The temperature
value T* for the CuNiAlalloy of equiatomic composition is 1850 K (Fig. 5). For CuNiAlCo,
CuNiAlICoFe alloys the temperature dependences of the resistivity obtained by heating and
cooling coincide. This means that the transition of the state of the melt intothe true solution does
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not occur after heating to 2070K. When the liquid alloy CuNiAl is heated, the resistivity p does
not always linearly increase with temperature. The CuNiAl melt shoes a change in the temperature
coefficient of resistivity for heating (Fig 6, dotted line). The reliability of approximation R? of
the dependence p(T) in the heating mode from 1570 to 1770 K for CuNiAl alloy is anomalous -
0.17, and for the other dependences p(T), thevalues of R?are 0.98-0.83. The value of R?
characterizes the reliability of the approximation: the closer the value of R? to unity, the more
reliable the trend line shows the process under study. The temperature range in which the
destruction of microheterogeneity occurs was defined as1770 -1870 K.

The temperature coefficient of the resistivity dp/dT for the CuNiAl alloy of equiatomic
composition upon heating to the melt to the temperature of T* = 1850 K, accompanied by
destruction of microheterogeneity and mixing components at the atomic level, irreversibly
decreased from 0.02510® to 0.012+10® Om-m-K™ (Fig. 6).

100
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1570 1620 1670 1720 1770 1820 1870 1920 1570 2020 2070
TK

Fig. 5 The temperature dependences of the resistivity of CuNiAl, CuNiAl, CuNiAlCoFe
equiatomic composition liquid alloys (®- heating, o — cooling)
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Fig. 6 The dependences of dp/dT(T) for melts upon (I:ooling. The dependences of dp/dT(T)
for CuNiAl melt upon heating (dotted line).

Also the increasing of components quantityin the alloy leads to a decreasing of the temperature
coefficient of the resistivity (in cooling moda). A similar result was obtained earlier whenthe
measuring electrical resistivity of liquid steel [18, 20]. As microheterogeneity is destroyed and
components are mixed on an atomic scale in a liquid alloy, the number of conduction electrons z
increases and, consequently, Fermi wave number ke = (3n%z/Q)?, where Q is the crystallite
volume. In this case, according to the Faber-Ziman theory, the determining factor is an increase
in structure factor a(2kr). When doubled Fermi wave vector 2k becomes equal to the wave
number corresponding to the position of the first peak of the structure factor (2ke =Kp), the
resistivity becomes maximal. According to the Ziman theory, the temperature coefficient of
resistivity is close to zero or negative in the region where 2kr = Kp, since the height of the first
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structure factor peak decreases with increasing temperature.lt is remarkable that the 2ke=Kp
condition is the basis of the Nagel-Tauc model which explains the high tendency of eutectic alloys
to supercooling and the glass transition. According to this model when the condition 2ke = Kp is
fulfilled, a potential barrier appears fornucleation of crystallite, the melting temperature (eutectic
temperature) of the alloy decreases, and the glass transition temperature increases [18, 20]. An
increase in the supercooling of a liquid alloy is caused by an increase in the volume per structural
unit of the melt (ion, atom, or cluster).

4 Conclusion

A promising method forproducing multicomponent alloys with a homogeneous structure is
heating the melt for destroy microheterogeneity and mixing components at the atomic level, i.e.
more than temperature T* for each composition. This method makes it possible to produce the
bulk ingots with the required structure under conditions of natural gravitation even at fairly low
cooling rates. After such overheating, the melt irreversibly goes into the state of the true solution,
which substantially changes the solidificationconditions. Based on the available
microgeterogenity concept the liquid CuNiAl, CuNiAICo, CuNiAlCoFe alloys were qualitatively
studied by measuring the viscosity and resistivity during the heating/cooling.

The results of viscosimetric study of CuNiAl, CuNiAICo, CuNiAlCoFe liquid alloys of
equiatomic composition show that temperature T* value for the CuNiAl alloy of equiatomic
composition is 1800 K. For CuNiAlCo, CuNiAlCoFe alloys, the coinciding part of the temperature
dependences of viscosity which are obtained upon heating to 2070 K and cooling, is absent. The
results of the studyof resistivity of the liquid alloys CuNiAl, CuNiAICo, CuNiAICoFe of
equiatomic composition show that the value of temperature T* for alloy CuNiAl of equiatomic
composition is 1850 K. The temperature dependences of the resistivity of the liquid alloys
CuNiAICo, CuNiAlCoFe by heating and cooling is coincide. Heating of liquids alloys CuNiAICo,
CuNiAIlCoFe above 2070 K is impossible,since intense evaporation of metal begins. Based on the
available microgeterogenity concept of multicomponent liquid alloys and results of the measuring
viscosity and resistivity, we assume that the heating the CuNiAl liquid alloy up to 1800 K and
subsequent crystallization, even at relatively low speeds, provide witha more homogeneous
structure volumetric ingots.
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Abstract

The aim of this work was further experimental verification of the existence of the phenomenon of
electrochemical phase formation in metals and alloys via a supercooled liquid state stage.
According to proposed idea the slowing down of the process of polymorphic transformation in a
metal being electrodeposited should be accompanied by an intensive formation of the texture of
the metastable modification and suppression of the texture development of the stable modification.
The results of the texture analysis of electrodeposited cobalt as a model metal showed that under
slowing down the polymorphic transformation process in a metal being electrodeposited, the
texture formation is intensified in the metastable modification, but suppressed in the stable
modification. The finding is another proof of the existence of the phenomenon of electrochemical
phase formation in metals and alloys through a supercooled liquid state stage.

Keywords: electrochemical phase formation, electrodeposited cobalt, polymorphic
transformation, texture

1 Introduction

The search for new methods and options for obtaining electrodeposited metals and alloys in the
form of electrochemical coatings with improved physical-mechanical or chemical properties is
hardly possible without information about their structure, texture, substructure, surface
morphology and structural defects. Control of these structural characteristics that affect the
properties of the resulting electrodeposited coatings is based on the concepts of the
electrochemical phase formation of metals and alloys.

A previously unknown phenomenon of electrochemical phase formation in metals and alloys
through a supercooled liquid state stage has been found relatively recently [1, 2]. The phenomenon
occurs during the electrochemical deposition of metals or alloys in an aqueous medium onto a
solid cathode, when a deeply supercooled metal liquid evolves in the form of multitude liquid
atomic clusters that appear in an avalanche-like manner at various places near the cathode or the
growing deposit, and then solidifies ultra-rapidly at the deposition temperature.

The discovered phenomenon is due to an extremely rapid, burst-like liberation of the metal or
alloy, resulting from a chain reaction of electrochemical formation of atoms and transition of the
atomic clusters or their associations from a liquid to a more stable solid state [1].

Later, numerous works ([3-6] are the most recent) were published, in which the occurrence of this
phenomenon was experimentally proved.
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The proposed concept is fundamentally different from the existing ones, according to which, the
phase formation in electrodeposited metal or alloy occurs by embedding ions from an aqueous
solution, or atoms formed on their surfaces, into their crystal lattice [7-11]. These concepts have
received theoretical development in recent publications [12-15] on the electrochemical phase
formation in metals and alloys.

Since the proposed concept of electrochemical phase formation in metals and alloys through a
supercooled liquid state stage [1-6] has not yet received any objections or refutations, the authors
continue to develop it with the introduction and implementation of new hypotheses and ideas.

2 Principal Hypothesis

It is known that in the process of solidification from the liquid state, the metallurgical polymorphic
metals go through metastable phase states and crystallize as a modification that is stable under
given thermodynamic conditions [16, 17]. If the phase transformation of a metastable modification
into a stable one is slowed down or partially suppressed, a dual-phase state of the metal will
eventually be formed. In the case of complete prevention of this phase transition, the solidified
metal will stay in the metastable phase state.

The basic hypothesis of the experiments performed was that, in accordance with the phenomenon
under discussion, the crystallization of a polymorphic metal being electrodeposited from the
supercooled liquid state should be viewed as its sequential going through metastable modifications
and, at the last stage of phase formation, emerging a modification that is stable under given
deposition conditions.

3 Idea of Experiment

If polymorphic metals, being electrodeposited, indeed crystallize from the supercooled metallic
liquid formed in the micro volumes near the surface of a deposit, then one can expect quite
predictable features of the oriented grain growth in metastable and stable modifications in case
the process of polymorphic transformation slows down during electrochemical phase formation.
Specifically, in this case, the texturing of metastable modification of a polymorphic metal should
intensify, while the texture development of a stable modification should be hindered.

The above texturing features in the metastable and stable modifications in the electrodeposits of
polymorphic metals will testify to the phenomenon of electrochemical phase formation in metals
and alloys through a supercooled liquid state stage.

4 The Aim and Objectives of the Study

The aim of this study was to further experimentally verify the existence of the phenomenon under
discussion by investigating the features of texture formation in polymorphic metals. To achieve
the object, the following tasks were set:

e qualitatively and quantitatively assess the crystallographic texture of metastable and
stable modifications of a model polymorphic metal;

e investigate the change in the degree of texture perfection in each modification of the
polymorphic metal under aggravating the conditions that slow down the phase
transformation of the metastable modification into a stable one;

e compare the obtained dependences with the predicted changes in the texture of various
modifications of the polymorphic metal in the case of slowing down the process of
polymorphic transformation during the electrochemical phase formation;
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o perform additional verification experiments to make sure that the obtained results were
correctly interpreted.

5 Materials and Methods

5.1 Obtaining electrodeposited polymorphic metals

As a model polymorphic metal, cobalt was used that exists in two modifications: a metastable j3-
modification with a face-centered cubic lattice (B-Co), and a stable a-modification with a
hexagonal close-packed lattice (a-Co). Cobalt coatings 20 pm thick were obtained by the method
of electrodeposition at a temperature of 25 °C in a solution of the composition (g/1): CoSO4:7H,0
— 300, H3BO3; — 40, NaCl — 20. The current density was changed over the interval from 0.5 to
10.0 A/dm?, with the conventional adoption of 0.5-1.0 as mild, 1.5-6.5 as average and 7.0-
10.0 A/dm? as hard electrodeposition conditions.

With an increase in the current density, the rate of electrochemical crystallization of cobalt
increases [18], which in the case of an insignificant change in the current yield of cobalt leads to
an increase in the amount of the metastable B-Co phase. Given the B-Co — a-Co polymorphic
transformation in cobalt through the shear mechanism, an increase in the amount of the metastable
B-Co modification will contribute to slowing down the process of polymorphic transformation.

5.2 Study of the textural and structural characteristics

The crystallographic texture of the electrodeposited cobalt was investigated using a modernized
X-ray diffractometer DRON-2 (Russia) in Cr-K radiation. Preliminary experiments revealed that
the cobalt coatings under study featured both the stable a-Co phase and metastable 3-Co phase.
Given the two-phase structure of cobalt coatings, the preferred grain orientation in each phase was
determined by a combination of direct pole figures. The technique involved recording texture-
relevant curves of interference by {111} for B-Co and {10.1} for a-Co, which were then used to
plot (111) and (10.1) direct pole figures for 3- and a.-modifications of cobalt, respectively. For the
quantitative estimation of the degree of texture perfection of two-phase cobalt coatings, the
average scattering angle of the texture in each modification was used.

The surface morphology of the coatings was studied using a scanning electron microscope REM-
1061 (Ukraine), operating in the mode of image formation by secondary electrons.

6 Results

As a result of the experiments performed, it was established that in all the modes of obtaining the
coatings, both modifications of electrodeposited cobalt are textured. Moreover, a comparative
analysis of texture-relevant curves of interferences by {111} for p-Co (Fig. 1, a, ¢, €) and
interferences by {10.1} for a-Co (Fig. 1, b, d, f) shows that the texture axes do not change with
an increase in the rate of cobalt coating deposition; it is only the degree of perfection of the
preferred grains orientation that undergoes changes in each phase.

The analysis of direct pole figures (111) for B-modification (Fig. 2, a) and (10.1) for o-
modification (Fig. 2, b) of electrodeposited cobalt showed that its texture is described by two axial
orientations with [110] axis for B-Co and [11.0] for o-Co, perpendicular to the sample surface,
and by a random component.

Indeed, the presence of the textural maximum of the axial orientation of the grains with the [110]
axis at an angle of 35.3° in pole figure (111) for the B-modification of a two-phase cobalt sample
(Fig. 2, a) in combination with the texture maximum of the axial orientation of the grains with the
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[11.0] axis at an angle of 40.1° in (10.1) pole figure for the a-modification of the same sample
(Fig. 2, b) allowed this conclusion. It should be noted that in the hexagonal close-packed system,
where o-Co belongs, the [11.0] crystallographic direction and the (11.0) crystallographic plane
are mutually perpendicular.
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Fig. 1 Texture-relevant curves of interference by {111} for B-modification (a, c, €) and {10.1}
for a-modification (b, d, f) of cobalt electrocoatings, obtained at a current density of 0.5
(a,b); 2.5 (c, d) and 10.0 A/dm? (e, f): 1 and 2 — texture curves for the coating and reference,
respectively, 3 — background curve

Indeed, the presence of the textural maximum of the axial orientation of the grains with the [110]
axis at an angle of 35.3° in pole figure (111) for the -modification of a two-phase cobalt sample
(Fig. 2, a) in combination with the texture maximum of the axial orientation of the grains with the
[11.0] axis at an angle of 40.1° in (10.1) pole figure for the a-modification of the same sample
(Fig. 2, b) allowed this conclusion. It should be noted that in the hexagonal close-packed system,
where o-Co belongs, the [11.0] crystallographic direction and the (11.0) crystallographic plane
are mutually perpendicular.
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(@) (b)
Fig. 2 Direct pole figures (111) (a) and (10.1) (b) of cobalt electrodeposited at a temperature of
25 °C and current density of 2.5 A/dm?: 1-7 - isointensity levels for diffracted X-rays

The results obtained from a qualitative assessment of the preferred grain orientations in various
modifications of electrodeposited cobalt are consistent with the data in [19, 20], where the axial
texture with [110] and [11.0] axes is reported as characteristic of electrodeposited cobalt.

A quantitative assessment of the degree of texture perfection in various modifications of
electrodeposited cobalt showed that with an increase in deposition rate (corresponding to a 5fold
increase in the current density: from 0.5 to 2.5 A/dm?), the average scattering angle of the axial
grain orientation in B-Co with the [110] axis decreases significantly (from 12.9 to 10.9 degrees)
(Table 1), which indicates a more ordered crystallographic orientation of the grains in the [110]
direction. A further fourfold increase in the current density (from 2.5 to 10.0 A/dm?) is also
accompanied by the improvement of the B-Co texture, but to a lesser degree. On the whole, it can
be stated that slowing down the process of polymorphic transformation during the electrochemical
phase formation of cobalt leads to intense texturing of its metastable -modification.

Table 1  Effect of current density on the average scattering angle of axial orientations [110] for
B-modification and [11.0] for a-modification of electrodeposited cobalt

. ) The average scattering angle of the texture [degrees]
Current density [A/dm?] [110] [11.0]
0.5 12.9 9.5
2.5 10.9 10.9
10.0 10.7 13.1

A different nature of the change in the degree of texture perfection with an increase in current
density is exhibited by the stable o-modification of the electrodeposited cobalt (Table 1). Here,
over the entire studied range of current density, the degree of perfection of the axial orientation
with the [11.0] axis of the a-Co phase grains gradually decreases with increasing the deposition
rate of the coatings.

The coatings obtained at a current density of 0.5 A/dm? featured intense axial orientation [11.0]
of the a-Co phase grains with an average scattering angle of 9.5 degrees, while the formation of
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the same phase at a current density of 10.0 A/dm? was accompanied by a more significant
scattering of texture: the average scattering angle of the axial orientation with the [11.0] axis
increased 1.4 times (to 13.1 degrees). Therefore, it can be concluded that slowing down the process
of polymorphic transformation during the electrochemical phase formation of cobalt leads to
hindering the oriented grain growth in its stable o.-modification.

7 Discussion

The observed change in the degree of texture perfection exhibited by various modifications of
cobalt being electrodeposited under slowing down the polymorphic p-Co — a-Co transformation
can be explained as follows. Since polymorphic cobalt, in a process of its electrochemical phase
formation from a liquid state, goes through a metastable 3-Co phase state and crystallizes in the
form of a stable o-Co modification, slowing down the phase transformation of the metastable
modification into a stable one will result in a dual-phase state of the cobalt deposit on the cathode.
Slowing down the B-Co — a-Co phase transformation caused by an increase in the amount of the
metastable B-Co phase due to an increase in its formation rate, leads to the texturing of the
resulting B-phase. The preferred orientation of the crystal lattices of the grains of the forming -
phase in the [110] crystallographic direction is primarily due to the tendency of the emerging
system of randomly oriented lattices to reduce its internal energy. Therefore, with the slowing
down of the process of polymorphic transformation during the electrochemical phase formation
of cobalt, an intense texturing of its metastable 3-modification occurs.

Since the B-Co — a-Co phase transformation occurs through a shear mechanism, an excessive
amount of the B-phase, continuously forming during electrochemical crystallization, inhibits the
phase transition of the metastable B-phase into a stable a-phase. This contributes to slowing down
the process of polymorphic transformation, which leads to the formation of a more scattered axial
texture with the [11.0] axis in the stable a-modification of electrodeposited cobalt.

The above features of texture formation during electrochemical crystallization of polymorphic
cobalt were observed experimentally. Indeed, under slowing down the B-Co — a-Co phase
transition proportionally to an increase in the current density, the preferred orientation of crystal
lattices of the cobalt B-phase occurs in the [110] close-packed direction perpendicular to the
coating surface (Table 1). At the same time, a disordering of the crystal lattices of the cobalt o-
phase is observed in the [11.0] close-packed direction perpendicular to the coating surface (Table
1).

The findings are in conflict with the existing concepts about the electrochemical phase formation
in metals and alloys [7-15]. Indeed, it is not possible to explain the observed effect of formation
of a metastable B-modification of cobalt during room temperature electrodeposition, while it is
known to exist in the temperature range from 700 to 1768 K; or emergence of a two-phase 3-Co
+ a-Co structure by “incorporating” the ions from the aqueous solution or forming atoms into the
crystal lattice of the cobalt being electrodeposited.

8 Additional Verification Experiments

If the proposed explanation of the above features of the texture formation in various modifications
of electrodeposited cobalt is valid, then the addition into the electrolyte of substances, leading to
the disordering of the crystal lattices of the forming grains of various modifications, should be
accompanied by the formation of a more scattered texture. At the same time, the revealed features
of the texture formation in various modifications of cobalt should generally be maintained.
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To verify the assumption experimentally, the texture of cobalt electrodeposited from the
electrolyte of the initial composition with an addition of carbon particles (fraction < 100 nm) at a
concentration of 1.0 g/l was studied. Since carbon nanoparticles entering into the forming clusters
of the liquid phase of electrodeposited cobalt can be considered as modifiers, one should expect
the formation of not only a more scattered texture, but also a more fine-grained structure of the
deposits.

The results of texture analysis (Table 2) of cobalt, electrodeposited in the presence of hanocarbon
particles, clearly demonstrate a compliance with the identified texture features of the interrelated
formation of cobalt modifications. Thus, while the degree of texturing of the stable a-modification
of electrodeposited cobalt gradually decreases with an increase in the rate of its formation (Table
2), the perfection of the texture of the metastable B-modification increases rapidly (Table 2). At
the same time, as follows from a comparative analysis of the data in Table 1 and Table 2, the
obtaining of the coatings from an electrolyte with an addition of nanocarbon particles leads to a
significant scattering of the crystallographic texture for both metastable and stable cobalt
modifications.

Table 2  Effect of current density on the average scattering angle of axial orientations [110] for
B-modification and [11.0] for a-modification of cobalt electrodeposited in the presence
of carbon nanoparticles

. ) The average scattering angle of the texture [degrees]
Current density [A/dm?] [110] [11.0]
0.5 15.8 11.2
2.5 12.4 12.7
10.0 11.9 13.8

A comparison of the surface morphology of the cobalt deposits obtained from electrolytes of
different compositions (Fig. 3) indicates the finer grain aggregates of cobalt electrodeposited in
the presence of carbon nanoparticles.

Fig. 3 SEM images of cobltdepsits obtained at a temperate of 25 °C and a current densiy of
2.5 A/dm? from an electrolyte without additives (a) and with the addition of carbon
nanoparticles at a concentration of 1 g/l (b)

The above results confirm the validity of explaining the observed effects based on the concept of
electrochemical phase formation in metals and alloys through a supercooled liquid state stage.

Hence, another proof of the existence of the phenomenon of electrochemical phase formation in
metals and alloys through a supercooled liquid state stage is an intensive formation of the
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metastable modification texture and simultaneous hindering of the development of the stable
modification texture under the conditions of slowing down the polymorphic transformation in the
metal being electrodeposited.

9 Conclusions

1. A hypothesis has been put forward to consider the crystallization of a polymorphic metal, being
electrodeposited from the supercooled liquid state, as its sequential going through metastable
modifications and the formation of a modification that is stable under the given deposition
conditions as the last stage of phase formation.

2. An idea has been proposed, according to which the slowing down of the process of polymorphic
transformation in a metal being electrodeposited should be accompanied by an intensive formation
of the texture of the metastable modification and suppression of the texture development of the
stable modification.

3. The results of the texture analysis of electrodeposited cobalt as a model metal showed that under
slowing down the polymorphic transformation process in a metal being electrodeposited, the
texture formation is intensified in the metastable modification, but suppressed in the stable
modification. The finding is another proof of the existence of the phenomenon of electrochemical
phase formation in metals and alloys through a supercooled liquid state stage.
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Abstract

Thin films were deposited on SUS440 stainless steel samples by arc plasma evaporation at bias
voltage range from -10 to -100 V. X-ray diffraction, optical microscopy, field emission scanning
electron microscopy, energy dispersive spectroscopy, microhardness test, and electrochemical test
were used to investigate the morphology and properties of the thin films. Particularly, the thin
films were composed of chromium nitride (CrN, phases of CrN + Cr) and 0.76 um thick. They
were deposited with microdroplets on the samples. The surface hardness of these films reached
the highest value of 1492 HV at the bias of -20 V. As the bias voltage increased, the adhesion of
the CrN thin films decreased. The excessively high bias voltage of -100 V led to the delamination
of the CrN thin films. The electrochemical test demonstrated that the corrosion resistance in the
3% NaCl solution of CrN coating can be improved.

Keywords: CrN, adhesion, bias voltage, SUS440, hard coating, corrosion resistant

1 Introduction

Chromium nitride (CrN) is a bright silver-grey-colored coating that has a high hardness [1] and a
good resistance to oxidation and corrosion [2, 3]. It is widely used as an alternative for coating
material to TiN in applications involving cutting, forming, and die casting of aluminum and zinc.
Many techniques have been used to deposit CrN coatings, such as magnetron sputtering [4, 5],
pulsed laser deposition [6], arc plasma evaporation [6 - 8], and ion assisted deposition [9 -11].
Among these techniques, arc plasma evaporation is the most popular in the industry due to its high
deposition rate. The properties of coatings by this method strongly depend on the technological
parameters of deposition, such as bias voltage, nitrogen pressure, substrate temperature, and arc
current. Bias voltage and gas pressure are the key parameters that control deposition [11].
Meanwhile, pressure affects the chemical composition, phase structure, preferred orientation, and
deposition rate of coatings. Chang deposited CrN coatings by arc ion plating. He reported that the
microhardness of the CrN coatings by arc ion plating method increased from 1550 HKsqq to 2100
HKsoq (2638 HV to as nitrogen pressure increased from 0.4 Pa to 1.2 Pa primarily due to the
variation in composition and structure [12]. The bias voltage can influence the nucleation and
growth kinetics during coating growth and subsequently modify the microstructure and properties
of coatings. Wang and Oki investigated how substrate bias voltage influences the orientation,
morphology, and microhardness of reactive ion-plated CrN films using an ion plating. They
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reported a decrease in the microhardness of the films deposited at high bias voltages caused by a
change in the microstructure from a dense columnar structure to a columnar structure with voided
grain boundaries [13]. The adhesion and properties of coatings also strongly depend on the
deposition method. Hence, the effects of bias voltages in arc plasma evaporation on the adhesion
and properties of CrN are still further investigated.

In this study, CrN thin films were deposited on the SUS440 substrate under various bias voltages
using an arc plasma evaporation system to improve the surface hardness and corrosion resistance
of the SUS440 steel that can be applied for molds made of this steel. The effects of the bias
voltages on the properties of the CrN thin films, such as surface morphology, adhesion, and surface
hardness, were studied. The corrosion resistance of the CrN coatings was also investigated.

2 Experimental procedures

A SUS440 stainless steel bar with a composition of Fe-0.95C-17.20Cr-1.00Mn-1.00Si
in wt.% was cut into small samples with 18 mm diameter and 6 mm thickness. Then, it was
austenitized at 1030 °C for 60 min, quenched by oil, and tempered at 160 °C for 3 h. After
tempering, the hardness of the samples was 677 HV (= 59 HRC), which is the normal hardness
value for molds.

Prior to deposition, the SUS440 samples were ground by 1000 grit abrasive papers, polished,
ultrasonically cleaned with acetone and alcohol, and then dried.

The SUS440 samples were mounted on a sample holder in the middle of the chamber of the arc
plasma evaporation system (Dreva-400, Germany) to form the CrN thin films. A Cr target with a
purity of 99.99% was used as the source for evaporation. The average distance between the Cr
target and the SUS440 sample was 200 mm. The temperature inside the chamber was increased
to 300 °C by two lateral heaters. The working chamber was vacuumed to a pressure of 2.0x1072
Pa. Then, Ar gas was introduced into the chamber at a flow rate of 60 sccm. The surfaces of the
SUS440 samples were sputter-cleaned in a hollow cathode mode with a current of 120 A and a
substrate bias of -200 V for 15 min. The flow rate of the Ar gas was reduced to 10 sccm. Then, N»
gas was introduced at a flow rate of 600 sccm as the reactive gas. The target current was
maintained at 120 A to deposit CrN thin films on the SUS440 samples. Deposition duration was
set to 15 min. The bias voltages were varied as -10, -20, -30, -50, and -100 V.

Acceptable failure Unacceptable failure VDI 3198 test

indentation load
4

1
mating'

Failure marks
microcracks
B
delamination

Y

Fig. 1 Principle of the VDI 3198 indentation test [14]

The surface morphology of the CrN thin films was examined by field emission scanning electron
microscopy (FESEM, JSM-7600F, JEOL) and optical microscopy (AxioVert 25A). The phase
composition of these films were determined by X-ray diffraction with Cu-Ka (X'Pert PRO,
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PANalytical). The Cu-K, line at 0.15405 nm was used as the source for diffraction pattern
analyses. Hardness testing was performed on a Vickers microindenter (Duramin 2, Struers) under
a load of 10 g for 15 s. The adhesion of the coatings to the substrates was studied in accordance
with VDI 3198 standard procedures using Rockwell-C indenters with a load of 150 kg; the
adhesion was compared with adhesion strength quality maps via optical microscopy. The principle
of this quality test is presented in Fig. 1. A conical diamond indenter penetrated the coated surface
to induce massive plastic deformation to the coated film on the substrate and extreme shear
stresses at the interface, thereby fracturing the coating. Good adhesion coatings will withstand
these shear stresses and prevent extended delamination circumferentially. The four different
textures from HF1 to HF4 illustrate the indentation shapes that guarantee strong adhesion of the
coating on the substrate (HF is the German short form of adhesion strength.). However, the
delamination (HF5 and HF6) at the vicinity of the indentation depicts poor interfacial adhesion
[14]. The electrochemical measurements were performed in a standard three-electrode cell with 1
cm? platinum counter electrode and a saturated calomel electrode as the reference electrode. The
electrolyte was a 3.5% NaCl solution. After each potentiodynamic polarization test, the corrosion
potential (Ecorr) and the corrosion current density (lcorr) can be determined by a Tafel plot.

3 Results and discussion

Fig. 2 shows the analytical results of a deposited CrN thin film with at -20 V bias on one SUS440
sample. A featureless surface morphology of this film examined by SEM is shown in Fig. 2a with
microdroplets. These microdroplets seem to be Cr particles that cannot be ionized totally from the
target. The Cr phase is attributed to incorporated microdroplets, which have previously been
reported to have a core consisting of pure metal phase [15, 16]. Fig. 2b presents a cross-sectional
SEM image of the CrN thin films. These films are dense and compact. According to the SEM
measurements, the thickness of these films is approximately 0.76 pm. Fig. 2c shows the diffraction
patterns of the CrN thin films deposited on the SUS440 samples. The peaks at 26 = 37.4° and
43.6° correspond to CrN phase (ICSD card #11-0065). A CrN thin film is formed after deposition
on the SUS440 substrate. The peaks at 26 = 44.6°, 50.5°, and 64.6° correspond to the SUS440
substrate. The diffraction peaks of Cr at 20 = 44.4° and 64.6° overlap with those of the substrate.
This result is confirmed by the too high concentration (98.8 wt. %) of Cr as depicted in Fig. 2d
than that by stoichiometry in CrN phase (~78.8 wt. %). Besides that EDS would not detect the Cr
in the substrate cause of other elements such as Fe with an even higher concentration in the
substrate also could not be detected. Therefore, the Cr target is not completely transformed to CrN
during the film formation. Hence, the film consists of CrN + Cr phases.

Fig. 3 shows the effects of bias voltages on the surface hardness of the CrN thin films deposited
on the SUS440 samples. The surface hardness of these films increases initially and then decreases
as the bias voltage increases. The highest hardness of approximately 1492 HV is observed at the
bias voltage of -20 V. High negative bias voltages generally increase the energy of incident
particles. Hence, a high value of surface hardness of the CrN films is archived in this study. As
the bias voltage increases, the bombardment energy of the incident particles on the substrate
increases also, thereby causing internal stress and increasing surface hardness. However, the
hardness decreases rapidly when the bias voltage exceeds -20 V probably due to the lattice
relaxation and recrystallization of the superfluous bombarding energies [11] and/or defects,
damage the film.
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SUS440 samples

Fig. 4 shows the optical images of the CrN thin films (as-deposited and after the Rockwell-C test)
at different bias voltages. These films were deposited with many microdroplets. At the bias voltage
of -100 V, the CrN film is delaminated (Fig. 4d). For all coated samples in this study, extended
delamination at the vicinity of the imprint indicates poor interfacial adhesion (HF6). Further study,
such as those with an increase in deposition time and new substrate materials, should be conducted
to investigate the adhesion of the deposited CrN thin films. According to the results of the current
study, at high bias voltages, delamination occurs severely, thereby further reducing the adhesion
of the CrN thin films. This behavior can be attributed to an excessive intensity of residual stress,
which can damage coatings and/or create adhesion failure [17].
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Cr-N thin film

substrate

Fig. 4 Top-view optical images (before [left] and after the Rockwell-C indentations [right]) of
the CrN thin films deposited on the SUS440 samples at the bias voltages of (a) -20 V, (b)
-30V, (c) -50 V, and (d) -100 V
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Fig. 5 Polarization curves of coated and uncoated samples in 3.5 wt.% NaCl aqueous solution

Fig. 5 shows the anodic polarization curves in 3.5 wt.% NaCl aqueous solution for the uncoated
and CrN-coated samples at the bias voltage of -20 V. The corrosion potential and corrosion current
density are —0.34 V and 0.119 mA/cm?, respectively, for the coated sample and —0.42 V and
0.316 mA/cm?, respectively, for the uncoated sample. The coated sample has a more positive
corrosion potential value than the uncoated sample. On this basis, the coating shifts the corrosion
potential to higher positive Ecor. values. Therefore, a stable electrode potential is achieved, and
the corrosion resistance of the coated sample is improved. lcor. is commonly utilized as an index
for evaluating corrosion resistance. In this study, the I, is significantly reduced after CrN
deposition. Thus, the corrosion resistance of the coated sample has an evident enhancement
compared with that of the uncoated sample.

4 Conclusions

CrN thin films with a thickness of 0.76 um were deposited on SUS440 stainless steel samples by
arc plasma evaporation. The hardness of these films increased initially and then decreased as the
bias voltage increased. The highest hardness of approximately 1492 HV was observed at the bias
voltage of -20 V. These films consisted of CrN + Cr phases with many microdroplets and poor
interfacial adhesion. They were delaminated when deposited at the bias voltage of -100 V.
Compared with the corrosion resistance of the uncoated sample, that of the coated sampled was
enhanced.
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Abstract

The goal of the present work is to evaluate mechanical properties and to analyse the microstructure
of 316L stainless steel produced by Laser Powder Bed Fusion (L-PBF) follow by rolling with
different thickness reduction under ambient and cryogenic conditions. The samples before rolling
were heat treated. The static tensile test was realized at ambient and cryogenic (77K) conditions.
The L-PBF powder metal production technology approved that is a key technology in the additive
manufacturing (AM) area, especially for metal powder materials. Mechanical properties tested at
298K and 77K shows that the application of various thermo-deformation rolling conditions
increases of strength properties. Achieved mechanical properties are comparable to conventional
bulk materials. The strength properties after the rolling under ambient and cryogenic conditions
were significantly increased.

Keywords: stainless steel, laser powder bed fusion, cryogenic conditions, mechanical properties,
cryorolling

1 Introduction

Additive manufacturing (AM) is a technology that has wide possibilities for producing materials
and products of common as well as extraordinary properties through powder metallurgy (PM).
PM products are exceptional due to their features but also because their price is significantly lower
than products produced by other technologies [1-6]. The biggest benefits are: possibility to
produce components of very complicated shapes, use of extremely hard and solid materials,
production of composite materials and last but not least, high material savings. AM technologies
can achieve up to 90 — 95 % of material savings. With the help of progressive technologies, it is
possible to recycle the used powder material and increase the percentage of its utilization up to
100 % [7-12].

Laser Powder Bed Fusion (L-PBF) technology is particularly important in PM. With a laser beam
melt the powder particles in a precisely defined field and liquid phase can be achieved in a very
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short time. During the interaction between the surface of the powder layer and the laser, the
powder particles are rapidly melted [13-15]. This process will rapidly melt the powder particles
and rapidly transfer to solid form without any direct addition of other material elements to modify
the chemical composition [16-18]. Due to the relatively low penetration of the liquid phase to a
depth (approximately 10 - 1000 um), very high cooling rates of 10°to 10 K.s™* are achieved [19].
High internal thermal stresses created in the material because of the high cooling rates must be
removed before further processing. [19-22].

Nowadays, it is possible to produce products using L-PBF technology with mechanical properties
at the level of conventionally produced materials. Conventionally produced 316L stainless steel,
which is intended for the energy sector, have yield strength values of 500 MPa [23, 24]. The steel
grade 316L is successfully applicable for working under cryogenic conditions, for example as the
construction parts at fusion reactor. For application at fusion reactor nowadays is requirement on
the yield strength must reach value Rpo 2 > 1200 MPa. [25-27].

The properties of 316L stainless steel can be influenced by thermo-mechanically controlled
processing under cryogenic conditions, and thus strength properties exceeding Rm ~ 1600 MPa
can be achieved [3]. With increasing dislocation density, dislocation movement and stress
concentration are inhibited. This causes the plastic deformation mechanism to be triggered by
mechanical twinning. With a further increase deformation, it can be assumed that grain refinement
will occur until a grain size structure of the order of nanometres can be achieved. The mechanical
properties of materials it is possible to increase by forming under cryogenic conditions [27-29].
In this paper are investigating the mechanical properties of samples from 316L PM stainless steel
prepared by L-PBF and heat treatment which were subsequently rolled at ambient and cryogenic
temperatures. The rolled samples were tested under ambient and cryogenic conditions.

2 Experimental material and methods

Commercially produced material EOS Stainless Steel 316L with chemical composition 18 % Cr,
14,5 % Ni, 2,5 % Mo, and 0,5 % Si was used in the study. The particles of 316L powder were
analysed using a FESEM Zeiss Supra 40 microscope. The particles have mostly an ideal spherical
shape with particle sizes in range <10; 60> [um] and average particle size was 33 pm. Sieve
analysis was performed following ASTM B 214-07.

The samples produced for the static tensile test were heat treated. The samples before rolling were
annealed by solution annealing at 1050 ° C / 60 min, followed by artificial aging at 700 °C / 3000
min. The samples were marked as HT2.

L-PBF technology

The samples were made using L-PBF technology on an EOS M280 Dual Mode (EOS GmbH,
Krailling / Munich, Germany). The EOS M280 is equipped with a 200W Yb fiber laser. The
samples were produced in an argon atmosphere with a 20 pm layer thickness and a meander
scanning strategy. Table 1 shows the bases of the manufacturing process parameters, where P is
the laser power, S; is the scanning speed, hq is the hatching distance of individual laser paths, and
S1 is the length of the welding strip.

Table 1 Parameters optimized for the fabrication of dense samples in SS 316L through an EOS
M280 machine

P [W] Ss [mm.s?] ha [mm] Si [mm]
195 800 0,09 800
DOI 10.12776/ams.v25i4.1366 p-ISSN 1335-1532
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Static tensile test

The static tensile test at 298K and 77K was performed on the TINIUS OLSEN H300KU with
Horizon software. Under both temperature conditions, the crosshead movement speed of 0.3
mm.s was chosen, which corresponds to a strain rate of 0.0023 s following STN EN 1SO 6892-
2.

3 Results and discussion

Mechanical properties

The values of mechanical properties after rolling under different rolling conditions can be
summarized in the Fig. 1 and Fig. 2. In Fig. 1 the mechanical properties of samples rolled under
AT (ambient temperature) and CT (cryogenic temperature) follow by static tensile tests performed
at ambient temperature Trest = 298K. For deformations € = 71 % and 86 % were Ryo 2 at € <1017,
1070> [MPa]; Rmat <1165; 1300> [MPa] and Aqat <5; 6> [%)]. After CT rolling with € = 40 %,
strength properties were achieved at the level of specimens rolled at deformations of € =71 % and
86 %. The total elongation A: value for samples rolled with deformations above 40 % was almost
constant 5 - 6 %. When rolling in AT and CT at selected deformations higher than 40 %, the
strength properties increased three-fold compared to the initial state. A significant increase in
strength properties resulted in a significant decrease in At
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_ 1400 | 4 &5
©
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Fig. 1 Mechanical properties of the samples rolled under AT and CT conditions and tested by
static tensile testing at 298K

The Fig. 2 depicts that the static tensile test at Trest = 77K showed a further significant increase in
strength properties. The increment Ryo after symmetric rolling at CT (SRcr) is almost the same
as SRar at twice the deformation.

The measured values indicate that even at half deformation in CT conditions it is possible to
achieve strength properties at the level of materials rolled under AT conditions. The value of A
was approximately the same for the measured conditions after rolling and a small increase was
observed after the static tensile test under conditions Tiest = 77K.
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Fig. 2 Mechanical properties of the samples rolled under AT and CT conditions and tested by
static tensile testing at 77K

Based on these results, it can be concluded that after the deformation conditions selected, the
maximum possible mechanical properties have been achieved and further enhancement of the
mechanical properties must be associated with the modification of the structure.

Based on the analysis of mechanical properties under various conditions of thermal and
deformation treatment of the material, it is possible to compare the results with the values of
recommended mechanical properties of the material 316L according to works [30-32] for fusion
reactor. The initial state had about 30 % higher A; values as compared to conventionally rolled
material At <42 % [31,32]. The initial state tested at T; = 77K retained a high A value with almost
doubling the strength properties. After rolling of the HT2 state, a significant increase in Rpo.2 was
achieved. A comparison of the mechanical properties of rolled bulk materials and materials
produced by L-PBF technology shows that L-PBF technology can produce materials with
properties close to the level of rolled materials.

Microstructure

The microstructure of Fig. 3a shows that after the chosen solution annealing and artificial aging,
grains were recrystallized with the exclusion of oxide and carbide particles, which are mainly
visible in SEM images (Fig. 3b). The average grain size after the solution annealing and artificial
aging was 35 pm. On the microstructures is visible a quasi polyedric structure with different sized
austenitic grains. At the grain boundaries, precipitation of oxidic and carbide particles can be
observed. STEM EDS identified two types of precipitates in grains and two types of precipitates
contouring the high grain boundaries. Large precipitates ( > 200 nm) inside the grains and along
the grain boundaries are of the (Mn,Cr;)O, and MnO,. Large precipitates lying along the grain
boundaries are Cr,3Cs carbides.

The Fig. 4-6 show microstructures of samples rolled under various deformation conditions. It can
be seen that with the deformations € = 71 % and 86 %, the grains were significantly elongated into
the rolling direction and significant slip strips were formed. Some grains in the rolling direction
were elongated more than 500 um. According to the authors [33, 34], d,xr Was calculated for

DOI 10.12776/ams.v25i4.1366 p-ISSN 1335-1532
e-ISSN 1338-1156



Acta Metallurgica Slovaca, Vol. 25, 2019, No. 4, p. 283-290 291

individual deformation conditions. As the deformation increased, an overall reduction of dy, kor.
Samples with € = 71% and 86% had values d,, xor € <20; 23> [um].

SEM HV: 20.0 kV. WD: 10.74 mm LYRA3 TESCAN

View fleld: 20.0 pm Det: SE
SEM MAG: 13.8 kx| Date(m/dly): 12/11/18 Performance In nanospace

b) SEM microstructure of oxidic and
carbidic precipitates

Microstructure after roIIig‘j’With =86 % nder ambient temprature

Fig. 5 Microstructure after rolling with € = 71 % under ambient temperature

DOI 10.12776/ams.v25i4.1366 p-ISSN 1335-1532
e-ISSN 1338-1156



Acta Metallurgica Slovaca, Vol. 25, 2019, No. 4, p. 283-290 292

Fig. 6 Microstructure after rolling with € = 71 % under ambient temperature

Conclusions
1. The strength properties after the rolling under AT and CT conditions were significantly
increased.

2. Initial properties after L-PBF + HT2 were: Rpo2,a1 = 377 MPa, Ry = 552 MPa and A; =
76,5 % and Ryo.2,ct = 616 MPa, Rm,cr = 1058 MPa and A¢ct = 61,5 %.
3. The best level of yield strength was achieved after application of following conditions:
e HT2 + ambient rolling (298K) with deformation ¢ = 71 % and tested by static tensile
test at 298K formed Rpo2=1070 MPa, Rm = 1190 MPa and A; = 4,9 %
e HT2 + cryogenic rolling (77K) with deformation = 40 % and tested by static tensile
test at 77K formed Rpp2=1390 MPa, R, = 1580 MPa and A; = 7,5 %.
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Abstract

A significant amount of scale is produced during casting of ingots and processing of hot-rolled
products. In manufacturing steel, during the various rolling operations, the amount of scale
produced is approximately 0.1% of the annual production of the rolling mills. The quality of the
thin sheet during rolling is affected by the behavior of the iron oxide layers formed on their
surfaces. For this reason, acids and oils are used for the descaling of slabs and billets by means of
pressurized water. The calamine, contaminated by these various acids and used oils, is rejected
and stored involuntarily on important areas and pollutes soil and groundwater. Micrographic
observations as well as X-ray diffraction analysis have shown that calamine consists mainly of
iron oxides. Hematite and magnetite become the main components for oxidation times greater
than 1 hour. Characterization tests have shown that calamine is dense (p = 4.8 g/cm?®), its particle
size is variable depending on the degree of oxidation (from 0.5 to 10 mm). Simultaneous thermal
analysis showed that an increase in mass of the calamine sample with a release of heat. Studies
are underway for the physico-chemical characterization of the soils of the storage areas.

Keywords: Scale, risks, soil, thermal analysis, granulometry, X-ray diffraction

1 Introduction

Until the last decade, the scale, slag, dust and sludge generated by integrated steel plants wascalled
waste, but now this term has been replaced with by-product and sometimes product due to
intensive re-utilization of these materials. The management of all these substances generated in
steel plants has become an important issue due to ever-tightening environmental regulations.
Mill scale is one of these materials produced in the processing of steel during continuous casting,
reheating and hot rolling operations. Water sprays remove the scale formed during these
operations and then mill scale is accumulated as a by-product in all iron and steel companies,
either integrated iron and steel companies or mini steel mills and small mill shops.

Many researchers have found the structure and the thermal properties of scale formed during
manufacturing of carbon steels were realized for a long time [1].

However, the research in this field was always actively studied by numerous specialists, in
particular those of the steel industry [2].
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In the steel-making manufactory, the flat products are hot-rolled. The quality of the thin sheet steel
during the process of rolling is allocated by the formation of the layers of scale on the surface of
the sheet steel to the cost all the operation of deformation along the hot rolling mill process. To
minimize his growth inside the furnace, we have to respect certain necessary conditions among
which the content in smokes which has to be between 1.5 - 2.5 %.

In the high-temperature heating of steel in pusher furnaces operating under traditional conditions
with excess oxidant (usually ratio n = air/gas (1.1 to 1.3), three layers of oxides are formed on
the surface of the steel.

The iron content is around 67%, a large part of the scale is under magnetite and hematite, namely
the oxygen content in the furnace. A certain amount of magnetite crystals will be present in the
wistite.

The degree of oxidation of the steel depends on the temperature, the chemical composition of the
metal and the gas composition [3].

The steel where our scrap is collected is an extra-soft hot rolled low-carbon steel according to the
international standard 1SO 11949 for packaging called black iron, tinplate.

2 Materials and methods
The chemical compositions of the mill scale and the hot rolled steel are identified by SIEMENS
SRS 3000 FRX analyzer. The composition is represented in Table 1.

Table 1 Chemical analysis of the hot rolled low-carbon steel
Elements C Mn Si S P Al Fe

% 0.09 0.35 0.04 0.025 0.025 0.05 Balance

e The scanning electron microscopy analyses are carried out on scale scrap collected from
the hot rolling mill and on polished surfaces of the same sample using ZEISS EVO-MA
25 scanning electron microscopy. Driven by integrated software where one can acquire
micrographic results and chemical analysis by EDS.

The cooling system ensures proper functioning of the components to ensure a secondary vacuum,
a 99.99% pure nitrogen bottle is connected to the equipment.

The principle of scanning electron microscopy is based on electron-matter interaction. The
incident electron will interact with the nucleus, the more bound electrons of matter and the
electrons of the outer layers [4, 5, 6].

e AccuPyc Il Series 1340 pycnometers are fast, fully automatic pycnometers that provide
high-speed, high-precision volume measurements and true density calculations on a wide
variety of powders, solids and slurries.

e The thermal analysis tests were performed by SDT Q600 VV20.9 Build20 equipment. The
sample holders used are made of alumina. The tests were carried out in a controlled
atmosphere in order to avoid possible contamination of the samples. Among the
advantages in operating curves, it gives the results coupled on a single graph for example
DSC-TGA.

e The quantitative analysis of the constituents of calamine was determined using a rigaku
diffractometer equipped with a copper anticathode tube. The diffraction pattern is made
in the range 2 theta 10° range at 90° and with a scanning speed of 5 °C/ min.

The instrument completes most sample analyses in less than three minutes without sacrificing
accuracy. Once the analyses are started with a few keystrokes, the data is collected, the
calculations made and the results displayed. Minimal operator attention is required.
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3 Results and discussions

The mill scale picked up by the hot rolling mill has a grey color. The result of his chemical analysis
and granulometry dried at the temperature-time conditions (T = 105 °C, 24h) are represented in
the Tables 2 and 3.

Table 2 Chemical analysis of raw mill scale

Elements Fe FeO Fe,0s FesO,4 MnO TiO, SiO, CaO Al,O4
% 7.04 | 9.09 20.22 29.31 0.36 0.05 0.34 0.05 0.03
Table 3 Results of granulometry analyzes of the raw mill-scale after drying at 105 °C - 24h
Size [pum] Mass [g] Rate[%0] Cumul refuse[%0]
>200 0.00 0.00 0.00
125-200 0.381 3.81 3.81
90-125 1.166 11.64 15.45
63-90 2.250 22.47 37.92
45-63 3.137 31.33 69.25
<45 3.079 30.75 100
Total 10.013 100 /

The micrographs taken by scanning microscopy and for different magnifications show the
microstructural appearance of laminated iron oxides in layers that are more or less large according
to the phases and their distribution over the layer of scale formed (Figs. 1, 2).

Thus providing a motor element for the iron to spread through the hematite layer. The inner
wiistite-iron interface has become corrected initially; then with the rapid advance of some
protruding sections, some parts of the wiistite layer were reduced by first and ultimately the wiistite
holding of the islands was reduced to complete the reduction process.

N
Q

e : N il s h - i L Pais. AN
10m EHT= 13004V Signal & = HDBSD Date 20 ai 2017 20pm EHT= 1500 Signai A= SE1 Date 20 Juin 2016
D= 6.5mm Grnd.= J00KX  Largeur= 100.7m H Wo= 45 mm Grnd.= 504X Largeur=599.1 um

a) b)
Fig. 1 SEM micrographs showing obviously cluster’s areas which iron oxides (a) raw scale, (b)
scale after milling.

Porosities were produced when wiistite islands were reduced due to localized volume shrinkage.
Higher oxygen concentrations in the underlying areas of the near-edge samples were assumed
responsible for their slower reduction rates than those at the center [7, 8].
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a)

Fig. 2 EDS of raw scale and scale after milling (a) raw scale, (b) scale after milling.

The pure iron scale is formed by three layers of superimposed oxides, corresponding to increasing
levels of oxidation from the metal to the atmosphere, the layer of FeO protoxide against the metal,
then the layer of magnetite FesO., then a very thin layer of Fe,Oz hematite on the surface, these
phases were confirmed by X-ray diffraction (Fig.3).
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Fig. 3 X-Ray diffraction results of raw powder milling under 700 rpm for 20 h

An annealing at T = 700 °C for 1h with a heating rate from 20 °C/min to that of maintenance is
made for mill scale.

The heating rate adopted is 10 °C/min, which is swept from room temperature to T = 1100 °C.
The choice of rise of temperature is based on findings revealed on work carried out in this direction
and which proved conclusive technical results [10, 11].

On the thermal analysis curves, we can observe the appearance of peaks; we have two peaks, one
endothermic at T = 340 °C and the other exothermic at T = 570 °C.

The endothermic peak represents the transformation of ¥-Fe;Os to a-Fe,Os. However, at the
exothermic peak at T = 570 °C, a process of beginning of rearrangement of the grains is what is
called a primary recrystallization, which takes that the transformation beginning of wiistite to
magnetite took place in Fig. 4. Above T = 1000 °C, the trend of the heat flow curves and that of
DSC is not perfectly clear. From a stability point of view, a steady state will be established in Fig.
4. Aslight peak can be seenat T =570 °C in Fig. 5.
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For the sample which has been annealed at T = 580 °C for 2 hours with heating rate from 20
°C/min to the holding temperature followed by oven cooling small size grain of oxides has been
confirmed. In figure 5, the loss of mass takes a linear appearance from T = 600 °C to T = 1100
°C.
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Fig. 4 DSC-TGA of the studied raw scale.
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Fig. 5 DSC-TGA of the studied mill scale treated at T = 700 °C

4 Conclusion

This study allowed us to identify the thermal and microstructural properties of calamine from the
hot rolling mill for later exploitation in the industrial field.

These oxides are confirmed with X-ray technique which their shape and dispersion were been
obviously seen in SEM with different magnificent.
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The chemical analysis shows a total iron of the order of 67 % with other oxides in trace.

The particle size of the powder has an average diameter of the order of 50 um and with wet and
dry densities respectively 5.42 and 5.67 g/cm®. The presence of silicon was confirmed by X-ray
analysis and the most phases common are magnetite and hematite and the SEM micrograhs
corroborate their allocation. The presence of silicon is confirmed by EDS analysis.
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