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1. Introduction

n electric power generation and oil processing plants,
several structural steel components are subjected to
working conditions that undergo mechanical loads at
temperatures between 450 and 600 °C. This is the case of
the steam generators and the respective pipelines used for
steam conduction. Under these working conditions, these
components experience the phenomenon known as creep,
which can lead to failure due to plastic deformation over

*Corresponding Author:
Americo Scotti,

The objective of this work was to study the effect of the heat treatment and
further operation aging on the stereological parameters (size, quantity and
volume fraction) of precipitates within ferrite grains of a creep-resistant
1.25Cr0.5Mo steel after long-term operation. The heat treatment was sim-
ilar to the treatment that is carried out in industrial steam pipelines after
welding (post weld heat treatment - PWHT) during installation and/or
repairing. The operation aging corresponds to a subsequent long in-service
operation after repairing. To determine the stereological parameters, SEM
digital images were taken from samples of this material after conditions of
in-service-aged (after long-term operation), in-service-aged and heat-treat-
ed (simulating repairing) and in-service-aged, heat-treated and in-labo-
ratory aged (simulating subsequent long-term operation after repairing).
The results indicate that the changes in the stereological parameters of the
precipitates within ferrite grains after PWHT is associated with the coarsen-
ing process of the within-ferrite-grain precipitates as well as stabilizing the
microstructure, since the material aging after PWHT of an in-serviced aged
material would not change the stereological parameters.

time and even breakage . To ensure safe and long-term
use of these components, low-alloy Cr-Mo steels have
been developed, among other materials *'. In these steels,
the creep resistance is achieved by the action of two hard-
ening mechanisms: solid solution and precipitation ',

To uncover the creep resistance of the component ma-
terial, accelerated tests are applied to determine the stress
level at which a certain temperature causes the rupture or
1% of plastic deformation after 10° hours (11.4 years) by
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means of the extrapolation. These accelerated tests use
the Larson-Miller parameter (LMP), which represents the
time and temperature equivalence for this type of steel un-
der the thermally activated creep process of stress rupture.
It permits the calculation of the equivalent times neces-
sary for stress rupture to occur at different temperatures.
M However, in practice, it has been established that the
useful life of the components manufactured with low alloy
CrMo steel can reach and exceed 20 and even 30 years ”.
Nevertheless, premature failures frequently arise in the
components manufactured with these steels that are asso-
ciated with the weld region susceptible to the formation of
non-acceptable cracks .

When these failures occur, and when it is technical-
ly-economically justified, repair is performed by removing
the damaged section and welding an insert of a new mate-
rial. The standards that are applied for this type of welding
repair contemplate technological fabrication requirements
to guarantee the quality of the welded joint of the new
materials. However, the problem becomes complex in
relation to the material exposed to service and which is
thermally affected during the repair . The complexity of
the subject is increased when the application of post-weld
heat treatment (PWHT) after repairing is required. In this
regards, divergences in literature on whether PWHT after
repairing is favorable or not from the point of view of the
residual life, is noticed .

The PWHT is generally carried out in situ with lo-
calized heating, which imposes an additional thermal
cycle on different regions of the weld (fusion — FZ - and
heat-affected zones - HAZ) as well as the base metal that
originally had not been exposed to the welding thermal
cycle, as illustrated in Figure 1. Due to this localized heat
treatment characteristic, it is not the whole component that
undergoes the effect of the PWHT thermal cycle.

Figure 1. Schematization of the thermal affected zones
associated with the localized (in situ) PWHT

Note: 1 - base metal not affected by the PWHT thermal cycle; 2 - zone
of the base metal affected only by the PWHT thermal cycle; 3 - weld
zone (fusion and HAZ) affected by both the welding and the PWHT
thermal cycles.

The intrinsic complexity of the subject justifies the de-
mand for further investigations on the effect of PWHT on

2 Distributed under creative commons license 4.0

the performance of creep-resistant low alloy CrMo steels.
For example, knowledge about micro-structural stability,
aiming at establishing how the microstructure behaves
in steels subjected to creep, turns out to be of great im-
portance to have elements for decision-making during
maintenance of these industrial components. However,
concurrent metallurgical phenomena lead to the variation
of the microstructure under the effect of temperature and
time. Consequently, attention has been paid to the rela-
tionship between microstructure and the behavior of steel
under creep """, Among these phenomena, in the case of
low alloy CrMo steels, spheroidization of perlite, graphiti-
zation, as well as precipitation, dissolution and growth of
carbides stand out ', There has been a marked interest in
studying the phenomena specifically related to the evolu-
tion of precipitates "), For this reason, the purpose of the
present work is to study the influence of PWHT as part of
a repairing procedure, just after repairing and after sub-
sequent operation aging, on the stereological parameters
(size, quantity and volume fraction) of precipitates within
ferrite grains in 1.25Cr0.5Mo steel of a steam pipeline
service-aged for more than 20 years at 480 °C.

2. Materials and Methods

For this study, a 150-mm-long segment of the base mate-
rial (with no weld) was taken from a pipe section that was
removed (during repair operation) from a 300-mm-diam-
eter and 12-mm-thick wall steam pipeline. This material
had been in operation for approximately 20 years at 480
°C. The determined chemical composition of the pipeline
material (table 1) corresponds to that of an 1.25Cr0.5Mo
steel, classified as A335 Grade P11, according to the
ASTM A335 standard "*. Using the material of this pipe
segment, this work was carried out with samples under
three experimental conditions (figure 2). The first one,
referred hereafter as ISA (in-service-aged material, as
removed from the pipeline, to be used as reference). A
second condition (dedicated to evaluate the effect of a
PWHT) referred to the same material of the ISA condi-
tion, but after undergoing a heat treatment to simulate the
PWHT that is carried out after repair operations (hereafter
referred as ISA+PWHT). Therefore, the ISA+PWHT con-
dition is a simulation of the in-service-aged material (ISA
condition) that would be affected only by the PWHT, i.e.,
a material corresponding to the region located between the
weld affected zone and the base metal (section 2 of Figure
1). The heat treatment to simulate the PWHT was per-
formed in a furnace, at a heating speed of 200 °C h™' and
keeping a soaking time of 1.5 h at 700 °C, in accordance
with the recommendations of section VIII - division 1 of
the ASME standard ",

DOI: https://doi.org/10.30564/jmmr.v2i2.1017
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Table 1. Determined chemical composition of the pipeline
material

C Si Mn P S Cr Mo w Ti v
0.12 | 0.18 | 0.41 |<0.03(<0.03| 1.24

<0.01<0.01|<0.01

Figure 2. Sampling schematization of the pipe segment

Note: Corresponding to the studied experimental conditions, where ISA
means the original material after in-service-aging, ISA+PWHT the orig-
inal aged material to undergo heat treatment to simulate the PWHT and
ISA+PWHT+AA the original aged and heat treated material to undergo
accelerated thermal aging treatments.

Finally, a third condition (planned to evaluate the
in-service thermal stability of the microstructure after the
repair and PWHT) referred to the same material of the
ISA+PWHT condition, but after undergoing accelerated
thermal aging treatments (hereafter referred to as ISA+P-
WHT+AA). Four slices were removed for representing
this latter condition (hereafter referred to as [ISA+P-
WHT+AA-1, ISA+PWHT+AA-2, ISA+PWHT+AA-3
and ISA+PWHT+AA-4), aiming at different equivalent
times during aging treatments. The aging parameters were
selected so that they encompass ranges of temperature
and time that would allow values of the Larson-Miller
parameter (LMP) equivalent to times between 20000 and
100000 h at the service temperature (table 2). Therefore,
the accelerated thermal aging treatments in this work was
carried out using the same thermal cycle of a creep test,
however without load application on the material.

Table 2. Time (t) and temperature (T) values for accelerat-
ed aging, Larson-Miller parameter (LMP) and equivalent
time at the service temperature (teq).

Samples (olé) (}tl) LMP=T(18 + log t) (tfl“)
ISA+PWHT+AA-1 | 550 | 1120 17325 101616
ISA+PWHT+AA -2 575 95 16830 22776
ISA+PWHT+AA-3 | 550 | 510 17042 42924
ISA+PWHT+AA -4 | 600 18 16810 21024

Specimens (10 mm x 10 mm x 10 mm) for Scanning

Distributed under creative commons license 4.0

Electron Microscopy (SEM) were taken from the steam
pipeline material representing each experimental condi-
tion. They were prepared by grinding and polishing to a
1um finish, according to ASTM E3-11 "%, and etching
with 1 % NITAL, in accordance with ASTM E407-11 """
SEM digital images of 3072 x 2304 pixels and resolution
of 10 nm/pixel were obtained. Using 10 images from each
condition and a digital image processing software, micro-
graph processing was performed and the amount of pre-
cipitates per unit area (N,) was counted. In addition, the
equivalent 2D diameter (D;), which depends on the area
occupied by each section of precipitate in the image and
on the volume fraction (Vy), according with the fraction
of the area (A,), were assessed.

From the particle sizes (D)), the relative frequency his-
tograms were made (using in all cases 15 classes of size
equal to 0.04 um and more than 2500 measured particles)
and the probability density was determined in each class
interval, which is calculated by dividing the number of
counts for each size class of the observed distribution by
the total number (N) of analyzed particles and the class
width (AD) """, The experimental values of the probability
density were adjusted to a lognormal probability density
function with two parameters (equation 1) and the param-
eters of the distribution function were obtained according
to ", So as to establish the quality of the adjustment, the
coefficient of determination (c.0.d) and "test F" were used
in the analysis of variance "',

2
) _ 1 _1(n(pi/Dy)

fLN(DI’Dg’dg) " Dp2ming, exp [ 2z ( Ina, (M

where:

Di — equivalent 2D diameter, (um)

D, — geometric mean diameter, (ptm)

6, — geometric standard deviation

From the 2D stereological parameters, the 3D parame-
ters were determined: average diameter (D) and number
of particles per unit volume (Ny), these two parameters

are determined by the expressions (2) and (3) respectively
s,

— -1
=22l )
Ny =32 (3)

3. Results and Discussion

In the in-service aged material condition (ISA), the mi-
crostructure (figure 3(a)) is composed of ferrite-pearlite, in
which the lamellar nature of the pearlite and the precipita-

DOI: https://doi.org/10.30564/jmmr.v2i2.1017 3
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tion inside the ferrite and in the grain boundaries are dis-
tinguished. This type of microstructure is common in low
alloy Cr-Mo steels, yet Yang et al. ** has observed this mi-
crostructure in 2.25Cr1Mo steel of steam pipelines exposed
to long-term service. However, Afrouz et al. ™' reported the
same microstructure in specimens from new steam pipe-
lines subjected to creep test. In the in-service-aged material
condition affected only by a simulated PWHT (condition
ISA+PWHT), a microstructure (Figure 3(b)) qualitatively
similar to the one from the ISA condition is observed, al-
though some precipitates inside the ferrite are larger com-
pared to those observed in the ISA condition.

Hagranl & = 581
Prata b = 3733

(b)

Figure 3. Representative SEM images of the material in
the conditions
Note: (a) ISA; (b) ISA+PWHT, where: 1- lamellar pearlite; 2- with-
in-ferrite-grain precipitates; and 3- grain boundary precipitates.

Taking now the samples from the third condition, i.e.,
in-service-aged material subjected to a heat treatment
simulating a PWHT and also exposed to artificial aging
conditions (ISA+PWHT+AA - n), a microstructure (Figure
4) qualitatively similar to those of the ISA and ISA+P-

4 Distributed under creative commons license 4.0

WHT conditions is also observed, regardless the under-
gone aging treatment (table 2). According to these results,
it can be inferred that neither the PWHT nor the thermal
aging qualitatively modifies the type of microstructure
of the material previously in-service (aged material): fer-
rite-pearlite with precipitation within ferrite grains and in
the grain boundary, accompanied by lamellar pearlite

EMT = 20094V
Wh=2dmn

EHT = 20,00 bV
WD 200 mmen

Date -3 Dot 2
Tumnas 114727

Gagral A = GE1
Pt b = 3781

EMT = 20,00 bV
WD s 100 mmn

Gagral A = 5E1
Fraia bo. = 3766

©

Dats -3 Dot 20048
Time 113427

DOI: https://doi.org/10.30564/jmmr.v2i2.1017
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EHT = J0 00 kY
Wh= 1Edmn

@

Figure 4. Representative SEM images of the material in
the conditions (according to table 2)
Note: (a) ISA+PWHT+AA -1; (b) ISA+PWHT+AA -2; (c) ISA+P-

WHT+AA -3; and (d) ISA+PWHT+AA -4, where 1- lamellar pearlite, 2
— within-ferrite-grain precipitates and 3 — grain boundary precipitates.

The fact that the microstructures have not been
modified qualitatively due to the effect of thermal ag-
ing does not mean that quantitative changes have not
occurred, which are sometimes difficult to appreciate
in SEM images. Among these changes, the variation
of the type, size, quantity and volume fraction of pre-
cipitates within ferrite grains stands out. Regardless
of whether there has been any change in the type of
precipitates within ferrite grains or not, it is essential to
know the other potential changes associated with them,
since they intervene in the behavior of the mechanical
resistance of the ferritic matrix (due to its precipitation
hardening effect **'), and because ferrite is the majority
constituent of the alloy.

Figure 5 presents the relative frequency histograms
and the particle probability density curves of the in-ser-
vice-aged material condition (ISA) and the in-service-
aged material after PWHT (ISA+PWHT). The particle
probability density curves were raised by fitting curves
to the experimental data, in which an adequate fitting
to a lognormal probability density function is observed
in both cases (c.0.d = 0.998 and p <0.001 for the ISA
condition and c.0.d = 0.999 and p <0.001 for the ISA+P-
WHT condition).

Distributed under creative commons license 4.0
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Figure 5. ISA and ISA+PWHT conditions: (a) - Relative
frequency histograms of 2D size of within-ferrite-grain
precipitates; (b) - particle probability density curves of the
conditions

Based on the comparison of the histogram trends (figure
5 a), a quantitative effect of in-service PWHT on the 2D
size distribution of within-ferrite-grain precipitates was
evidenced. As seen, the relative frequency of the smaller
class (0.04—-0.08 um) decreases considerably, while it
increases at the remaining classes. In relation to the prob-
ability density function (figure 5 b), it is evident that the
PWHT modifies the fitted curve, resulting in an increase
of the mode (from 0.088 um for the ISA condition to 0.105
um for the ISA+PWHT condition), as well as the geomet-
ric mean diameter (from 0.101 pm for the ISA condition
t0 0.117 pm for the ISA+PWHT condition).

Figures 6 and 7, in turn, present similar charts of Fig-
ure 5 to compare the effect of ISA+PWHT and ISA+P-

DOI: https://doi.org/10.30564/jmmr.v2i2.1017 5
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WHT+AA conditions, the latter with different aging
treatments, on the precipitate stereology. There were also
adequate fittings to the lognormal type model for the
different aging treatments (c.o.d equal to 0.994, 0.999,
0.992 and 0.998, respectively for the conditions ISA+P-
WHTH+AA -1, ISA+PWHT+AA -2, ISA+PWHT+AA -3
and ISA+PWHT+AA -4, with p <0.001 for all the cases).
These results indicate that the thermal aging does not
change the behavior observed in the ISA+PWHT condi-
tion, showing no significant variation of the relative fre-
quency histogram of 2D size and the same particle prob-
ability density curves, keeping the value of the mode and
the geometric mean diameter approximately equal under
all conditions (0.1049 and 0.1170 pm, respectively).

0.5

I ISA+PWHT+AA-1
[ JISA+PWHT+AA-4
Ot B |SA+PWHT+AA-2
> [ 1ISA+PWHT+AA-3
§ 0.3 B ISA+PWHT
g
o 0.2
©
0.1

0.0 0.1 0.2 0.3 0.4

diameter (um)

Figure 6. Relative frequency histograms of 2D size of
within-ferrite-grain precipitates for the ISA+PWHT and
ISA+PWHT+AA conditions, the latter as different aging

treatments (according to table 2)

12
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Figure 7. Particle probability density curves of the
ISA+PWHT and ISA+PWHT+AA conditions, the latter at
different aging treatments (according to table 2)
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According to current literature '**”, variations on the

size distribution of precipitates can be associated with:

(1) precipitation of more stable particles: metastable
precipitates that dissolve while nucleation and growth of
more stable precipitates occurs (the amount of precipitates
per unit volume is conserved and the average size and
volume fraction are increased) or,

(2) coarsening processes: the growth of large precipi-
tates at the expense of smaller ones which disappear (the
volume fraction is conserved, the quantity of particles per
unit volume decreases and the average size increases).

Therefore, and based on the stereological evaluation
presented in Table 2, it can be stated that the coarsening
process has been revealed in the present analysis, since
there was an increase in the average size of the precipi-
tates and decrease in their quantities per unit volume when
the heat treatment to simulate the PWHT was applied on
the long-term operation sample, yet keeping the values
of the volume fraction similar. According to the results of
Table 2, it can also be inferred that the PWHT stabilizes
the precipitates within the ferrite grains, since the subse-
quent thermal aging treatments do not impose significative
changes in the precipitates average sizes, in the quantities
per unit of volume and the volume fractions.

Table 2. Within-ferrite-grain precipitate stereological
parameters for the different material conditions

Stereological parameters
Condition M Size 3D Quantity per unit of | Volume frac-
e:: ( IKZ:) volume tion
v N, () Vi (%)
ISA 0.147 £0.015 70+8 3.1+0.5
ISA+PWHT 0.185+0.022 30+5 2.840.4
ISA+PWHT+AA -1 | 0.182+0.0183 3343 2.6+0.4
ISA+PWHT+AA -2 | 0.186+0.022 31+4 2.340.5
ISA+PWHT+AA -3 | 0.183+0.020 28+4 3.04£0.5
ISA+PWHT+AA -4 | 0.188+0.023 3143 2.240.4

5. Conclusions

The results of this work showed that the simulated PWHT
applied over a sample of a 1.25Cr0.5Mo steel steam
pipeline after service-aged for more than 20 years at 480
°C led to a coarsening process. Consequently, the precip-
itates within ferrite grains increased in size, from 0.147
+ 0.015 to 0.185 + 0.022, counterbalanced by a decrease
in the number of precipitates per volume unit (from 70 +
8 to 30 + 5), keeping the volumetric fraction. In addition,
simulated post aging heat treatments of the samples which
underwent a simulated PWHT showed to stabilize the
within-ferrite-grain precipitates, with no further changes

Distributed under creative commons license 4.0

of their stereological parameters.
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ARTICLE INFO ABSTRACT

In the present investigation, a series of nanocomposite material such as
MoO;, Fe,0, synthesized by co-precipitation method and Beta cyclodextrin
(B-CD) doped MoO;-Fe,0, and Graphite doped MoO,-Fe,O, have been
synthesized successfully by Sol-Gel method. Synthesized nanomaterials
were characterized in detail by XRD, FT-IR, TEM-HRTEM, UV-Vis DRS
techniques. The crystalline size was in the range of 10+2 nm. The activity
of the prepared material as a heterogeneous catalyst was successfully tested
on the organic reaction of synthesis of substituted m-Chloro-Nitrobenzene
and it was found to give excellent yield.
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Organic reactions

as they are useful in several industrial processes involv-

. . . 16-21
ing organic reactions !'**.

1. Introduction

erromagnetic nanoparticles have gained consid-
erable importance due to their large surface area,
high reactivity, stability and reusability "', The
magnetic ionic liquids and magnetizable complex have
been used as catalysts in oxidative reaction to enhance
separation efficiency “*. Various Fe,0, based catalyst
have been reported by surface modification of zeolites,

carbon nanotubes, activated carbon, cyclodextrin etc.
10] has also been observed that metal oxide and mixed metal

The conventional liquid acids and Lewis acids have
significant environmental risks. Hence, there is a grow-
ing demand for developing eco-friendly strong solid
acid catalysts. The inorganic solid acid-catalyzed organ-
ic transformations are widely studied because of easy
product isolation, high selectivity, easy recovery and

recyclability of the catalysts and minimum waste "), Tt

Research has been carried out for the development
of supported and un-supported molybdenum, ceria and
magnetite nanoparticles "''""*. In general, both molyb-
denum and iron based oxide catalysts have been widely
used in many important oxide or acid catalytic reactions

*Corresponding Author:
Sandesh Bhitre,

oxide play an important role in catalytic processes to
speed up chemical reactions in an eco-friendly and cost
effective manner ),

In view of the above facts, this paper deals with the

synthesis of MoO; and Fe;0,, nanocomposite catalytic
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material by co-precipitation method and Beta cyclo-
dextrin (B-CD) doped MoO;-Fe;0, and Graphite doped
MoO;-Fe,0, nanocomposite catalytic material by Sol-gel
method. This is followed with analysis of characteriza-
tion carried out by XRD, FT-IR, TEM-HRTEM, UV-Vis
DRS techniques of the synthesized nanocomposite cat-
alytic material. The synthesized nanocomposite catalyst
exhibited high catalytic efficiency for the organic synthe-
sis of substituted m-Chloro-Nitrobenzene and could be
quickly separated and recovered by an external magnetic
field.

2. Synthesis of Catalyst

The analytical reagents (AR) used for the synthesis were,
Ferrous Sulphate (Ranbaxy Fine chemicals), Ferric Sul-
phate (Ranbaxy Fine chemicals), Ammonium heptamo-
lybdate (Ranbaxy Fine chemicals), Ammonia (SD Fine
chemicals), Polyethylene Glycol (SD Fine chemicals),
B-Cyclodextrin (b-CD) (Qualigens) and Cetyl Trimethyl
Ammonium Bromide (Qualigens) without further purifi-
cation.

2.1 Synthesis of MoO;,

MoO; was synthesized by co-precipitation technique.
Ammonium heptamolybdate (2.47 gm) was dissolved
in doubled distilled water and then CTAB (1.4 gm) was
added to this solution. Then aqueous ammonia (1:1) was
added with constant stirring. Excess water was removed
by heating the precipitate for 4 hours and dried at 110°C
for 2 hours. The material was crushed and calcined at
500°C for 2 hours .

2.2 Synthesis of Fe,0,

Fe,0, was synthesized by co-precipitation technique.
Fe,0, solution was obtained by dissolving Ferrous Sul-
phate (2.78gm) and Ferric Sulphate (3.99gm) in distilled
water separately and mixed together under vigorously
stirring until clear solution was obtained. Then 0.4gm
PEG and 1.4 gm. CTAB added into this solution mixed
and heated in water bath. Then precipitate was obtained
by adding aqueous ammonia solution drop wise (about
10 ml). Excess water was removed by heating the pre-
cipitate for 4 hours and dried at 110°C for 2 hours. The
material was crushed and calcined at 500°C for 2 hours

2.3 Synthesis of M0O,;-Fe;0,

MoO,;-Fe 0, was synthesized by Sol-gel technique.. A
solution containing ammonium heptamolybdate (2.47
gm), Ferrous sulphate, (2.78 gm) and Ferric Sulphate
(3.99 gm) was mixed with 150 ml distilled water. Cetyl

10 Distributed under creative commons license 4.0

Trimethyl Ammonium Bromide (2.8 gm) was then added
to this solution, mixed and heated in water bath. Then
precipitate was obtained by adding aqueous ammonia
solution drop wise (about 10 ml). Excess water was re-
moved by heating the precipitate for 4 hours and dried
at 110°C for 2 hours. The material was crushed and cal-
cined at 500°C for 2 hours

2.4 Synthesis Of B-CD doped MoO;-Fe,0,

B-CD doped MoO,-Fe,O, was synthesized by Sol-gel
method. Ferrous sulphate (2.78 gm) and ferric sulphate
(3.99 gm) were dissolved in deionized water separately
and then mixed together with vigorously stirring. The
stirring was continued until a clear solution was ob-
tained. Then 2.470 gm of ammonium heptamolybdate,
1 gm of B-CD, 2.8 gm of CTAB and 1 gm of PVA was
added to it. The above solution was then heated in water
bath with constant stirring and adding iso-butanol. The
pH was maintain at 8 by adding aqueous ammonia drop
wise while heating and stirring the mixture for 4 hours at
about 1980-2000 RPM. The obtained solution was then
dried at 110°C for 2 hour. The material was crushed and
calcined at 500°C for 2 hours.

2.5 Synthesis of Graphite doped MoO,-Fe,0,

Graphite doped MoO,-Fe,0, was synthesized by Sol-gel
method. Deionized water (150 ml) and iso-butanol (10
ml) was mixed thoroughly with ferrous sulphate (2.78
gm), ferric sulphate (3.99 gm), ammonium heptamolyb-
date (2.47 gm), poly vinyl alcohol (1 gm), CTAB (2.8
gm) and graphite (1 gm). Then it was then constantly
stirred at 90°C and ammonia was added drop wise to
maintain the pH-8. Excess water was removed by heat-
ing the precipitate for 4 hours and dried at 110°C for 2
hours. The material was crushed and calcined at 500°C
for 2 hours.

3. Characterizations

3.1 XRD- Analysis

The X-ray diffraction analysis (XRD) of the prepared
samples were obtained with a Philips X-ray diffractom-
eter in the diffraction angle range 26° = 20 to 80 using
CuKa radiation of wavelength 1.5405 A.

Figure 1(a) shows the XRD pattern of Fe;O, indicat-
ing its crystal structure, phase and lattice modification.
The peaks are positioned at 26°=30.08, 33.73, 37.07,
44.46, 47.15, 50.99, 54.62, 59.23, 63.62 and 70.95 indi-
cating hkl values due to planes (220), (310), (311), (322),
(400), (332), (430), (432), (441) and (620). These peaks
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were indexed as cubic Fe,O, as per JCPDS database card
number 79-1715 with lattice parameter a=b=c 8§.394
A. Crystallite size calculated by using Debye-Scherrer
equation was found to be 8.80 nm **’.

Figure 1(b) is the XRD pattern obtained of MoO; that
shows peaks at 26° = 23.33, 25.70, 33.12, 38.83, 42.39,
49.99, 52.83, 62.90, 64.92, 72.87 and 79.87 correspond-
ing to the planes (110), (040), (101), (060), (141), (230),
(080), (251), (190), (232) and (1 11 0) indicating orthor-
hombic crystal structure. All the peaks are of MoO, as
matched from the JCPDS card 76-1003 ** and suggest
that the prepared material possess crystalline in nature.
The lattice parameters are a=3.96, b=13.85 and ¢=3.69 A
and crystallite size was found to be 42.21 nm.

The Figure 1(c) is XRD pattern for f-CD doped
Mo0O;-Fe;O, nanocomposites. The diffraction peaks
were observed at 20°= 25.88, 32.72, 42.38, 36.13, 48.95,
54.51, 63.48, 65.49, 72.82 indexed to hkl planes (122),
(400), (503), (035), (414), (718), (441), (531), (443)
which indicate the monoclinic symmetry. All the reflec-
tion peaks could be indexed to monoclinic symmetry
with lattice constants of a= 15.72 A, b=9.24 A, and c=
18.22 A matched with JCPDS file Card No. 35-0183
are in good agreement with the literature values ", The
sharp and distinct peaks suggest that synthesized nano-
composite were highly crystalline, with no impurity peak
and are unaffected due to coating with B-CD. The crys-
tallite size was found to be 7.62 nm.

The Figure 1(d) shows that X-Ray diffraction results
for graphite doped MoO,-Fe,0, nanocomposites ™. All
peaks matched the peaks of B-CD doped MoO;-Fe;0,
nanocomposites and the diffraction peaks were indexed
with JCPDS card 35-0183 and crystallite size was found
to be 6.35 nm.

Crystallite size of all samples was calculated by using
Debye-Scherrer equation. The crystallite size mentioned
is the average of crystallite size calculated using FWHM
of three highest intensity peaks.

Table 1. Crystallite size of all samples

Sr. No. Catalyst Crystallite Size in nm
1 Fe,O, 8.80
2 MoO, 42.21
3 B-CD doped MoOs-Fe;0, 7.62
4 Graphite doped MoO,-Fe;0, 6.35
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3N

200
441

(Intensity (a.u.)

040

400

503
718

122
414

Intensity (a.u.)
% 0
4

443

as

(©)

Ll

(d)
I215I3IOI3‘5I4IOI4.5I5‘0I5i5I6[0I6I5I7[Ol7l5‘80
2¢°
Figure 1. XRD of (a) Fe;O, (b) MoO; (c) B-CD doped
MoO;-Fe,0,, (d) Graphite doped MoO;-Fe;0,

3.2 FT-IR Analysis

The FT-IR was recorded on FT-IR spectrometer
(Perkins Elmer) in the range 4000-400 cm™. The Fig-
ure 2(a) of Fe;O, shows sharp band that appears at 803
cm’' is due to Fe=O bond. The band at 1143cm™ shows
the M-O-M stretching. The Figure 2(b) of MoO; shows
strong vibrations at 516 cm™ due to the stretching mode
of Mo-Mo bonding. Coordinated crystalline water is
most likely present as seen from the H-O-H bonding vi-
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bration at 1145 cm™ 7,

The Figures 2(c-e) shows the FT-IR spectrum of
MoO;-Fe;0,, B-CD doped MoO,-Fe;O, and graphite
doped Mo0O,-Fe,0, respectively. The peaks measured
for all samples are over the range of 4000-500 cm™.
The peaks at 771, 787, 803 cm™ are because of stretch-
ing and bending mode of oxygen in Fe-O-Fe, Mo-O-
Mo, Mo=0 and Fe=0 bonds which indicates the spec-
ification of a layered orthorhombic MoO; phase and
the presence of FeO and Fe,0O,. Strong vibrations were
detected at 516, 531 and 539 cm™ which corresponds
to formation of bond between MoO,-Fe,O,. The band
around 1128, 1145, 1120 cm™ is due to co-ordinated
crystalline water most likely present due to H-O-H
bending vibrations.

% Transmittance

T T T
2100 1800 1500

Wavenumber (cm )

Figure 2. FT-IR spectrums of (a Fe;0,), (b) MoO;, (c)
MoO;-Fe,0,, (d) B-CD doped MoO;-Fe,O,, and (e)
graphite doped MoO;-Fe,0,

3.3 TEM-HRTEM Analysis

The TEM and HRTEM images were obtained for 3-CD
doped MoO;-Fe;0,, and Graphite doped MoO;-Fe O,
Figure 3(a) for -CD doped MoO;-Fe;0, exhibits uni-
form size distribution and high crystalline nature with
size range of 10 + 2 nm, matching with the XRD data
which is 8.96 nm. The diffraction spots and rings in
SEAD pattern show that the distance from the center of
the rings to the diffraction spots are 0.29 nm for (101)
planes of MoO;and 0.25 nm for (311) planes of Fe;O,.
Figure 3(b) for graphite doped MoO;-Fe,0, also
exhibits uniform size distribution and high crystalline

12 Distributed under creative commons license 4.0

nature with size range of 10 £2 nm, matching with the
XRD data which is 9.83 nm.. The SEAD pattern shows
diffraction spots and rings at (101) planes of MoO, and
(311) planes of Fe,0,.

&nm/ il & e 2 A/r

Figure 3. TEM-HRTEM images of (a) B-CD doped
MoO;-Fe;0,, and (b) Graphite doped MoO;-Fe,O,

3.4 UV-Visible DRS Analysis

UV-Visible DRS Analysis was done using Varian Cary
(5000) spectrometer in the range of 800-200 nm and the
same are shown in Figure 4. The spectrums show maxi-
mum reflectance between 300-450 nm.

The MoO, absorbs light of wavelength 351 nm with
band gap of around 3.53eV, Fe,0, absorbs light of wave-
length 346 nm with band gap of around 3.58¢V, MoO;-
Fe,0, absorbs light of wavelength 348 nm with band
gap of around 3.57¢V, B-CD doped MoO;-Fe,O, absorbs
light of wavelength 338 nm with band gap of around
3.67eV and Graphite doped MoO;-Fe,O, absorbs light of
wavelength 324 nm with band gap of around 3.83eV .
MoO; absorbs light beyond 346 nm due to lower band
gap. Interestingly it was observed for modified f-CD
doped Mo0O;-Fe;0, and Graphite doped MoO,-Fe;0,
that they absorb of light of wavelengths at 338 nm and
324 nm indicating shift from higher wavelength to lower
wavelength that is blue shift. The increase in band gap
from 3.53eV for MoO; and 3.58¢V for Fe O, to 3.67¢V
for B-CD doped Mo0O;-Fe,0, and 3.83eV for Graphite
doped MoO;-Fe 0O, indicates greater stability of the
doped samples.
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Figure 4. UV-Visible DRS spectrums of (a) MoO;, (b)
Fe,0,, (¢) MoO;-Fe;0,, (d) B-CD doped MoO;-Fe,0,, and
(e) graphite doped MoO,-Fe,0,

4. Catalytic Activity Results

The catalytic activity of the synthesized material was
examined considering the model reaction of nucleophilic
one-pot substitution reaction. The reaction of nitroben-
zene (1.0 mmol) with concentrated hydrochloric acid and
0.1 g of catalyst in ethyl alcohol (10 mL) as solvent was
carried out at 70°C. The Table 2 shows effect of catalyst
on substitution reaction. Among the catalysts 3-CD doped
Mo0O;-Fe,0, exhibited very good activity in the synthesis
of substituted m-Chloro-Nitrobenzene with excellent yield
in very short reaction time as compared to the others. This
is attributed to the nano-crystalline size and high porosity
of B-CD doped MoOs-Fe;O,. In this reaction 93% conver-
sion was observed in 120 minutes which is better in com-
parison with earlier reported methods.

The predicted mechanism for synthesis of substituted
m-Chloro-Nitrobenzene by using B-CD doped MoO;-
Fe,;0, catalyst is presented in Scheme 1.

o, o o,
/
\N* N*
HCl, 70°C

B-CD doped MoO3-Fe;04

Cl Cl Cl

1-nitrobenzene 1-chloro-3-nitrobenzene 1,3-dichloro-5-nitrobenzene

Scheme 1. Proposed Mechanism for the preparation of
substituted m-Chloro-Nitrobenzene
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Table 2. Effect of catalyst on substitution reaction

Entry Catalyst Time in minute Yield/%
1 No Catalyst No product 0
2 MoO; 180 78
3 Fe,O, 180 58
4 MoO;-Fe,0, 180 64
5 B-CD doped MoO;-Fe,0, 120 93,93,92"
6 Graphite doped MoO;-Fe,0, 180 88

Note: Reaction condition: Nitrobenzene (1.0 mmol), Conc. HCI, catalyst
(0.1gm), ethyl alcohol (10 mL), temperature (70°C).

* Product yield with catalyst reused for third time.

Physical and spectroscopic data

1-chloro-3-nitrobenzene: 'H NMR (DMSO, 300 MHz)
8: 840 (s, ] = 2.0Hz 1H), 8.07 (ddd, J = 8.0, 2.0 and 2.0Hz
1H), 7.66 (ddd, ] = 8.0, 2.0 and 2.0Hz 1H), 7.46 (dd, ] =
8.0Hz, 1H),; FT-IR (Diamond ATR) v: 3397, 1594, 1166 and
535 cm™. C;H,CINO,, Exact Mass: 156.99, Mol. Wt.: 157.55,
m/e: 156.99 (100.0%), 158.99 (32.0%), 158.00 (6.6%), 159.99
(2.2%), C, 45.74; H, 2.56; Cl1, 22.50; N, 8.89; O, 20.31;

Melting Point = 48°C

5. Conclusion

The nanocomposites of MoO, and Fe,O, were synthesized
successfully by co-precipitation method whereas those
of Mo0O;-Fe;0,, B-CD doped MoO;-Fe,O, and Graphite
doped MoO;-Fe;0, were synthesized successfully by Sol-
gel method. The characterization was done by sophisti-
cated techniques like XRD, FT-IR, TEM-HRTEM, UV-
Vis DRS techniques. It was found that crystalline size for
all samples was about 10£2 nm. Among the synthesized
nanocomposite catalytic materials B-CD doped MoO;-
Fe,;0, exhibited very good catalytic activity for the syn-
thesis of substituted m-chloro nitrobenzene derivatives in
environment friendly conditions with excellent yield in
very short reaction time, which is 93% conversion was
observed in 120 minutes. The catalyst could be quickly
separated and recovered by an external magnetic field.
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1. Introduction

he application of Tailor welded blanks (TWBs)

are generally found in the aerospace and automo-

tive industries, where theneed of a high strength
to weight ratio parts for the fabrication purpose with
local required stiffness at some part of the components.
Aluminium metal matrix composites are capable to ful-
fill the requirement of high strength and low weight for
particular applications. Friction stir welding (FSW) is a
metal joining technique and is widely used in making of
aluminium alloys welded banks. It is a basically a solid
state process, the base materials are welded together in
plastic deformation condition, so that the process avoids
many problems that are commonly encounteredwith the
conventional welding techniques such as porosity, cracks
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In this study, the forming behaviour of dissimilar welded blanks was
studied. Welded blanks were prepared with friction stir welding process-
with different types of tool pin profiles. Welded blanks were developed
with fixedfriction stir welding process parameters by varying the tool pin
profiles. The forming behaviour of welded blanks were analyzed with the
limiting dome height test in biaxial stretch forming condition.The results
reveal that the formability of welded joints are made with the square pin
tool exhibited a better formabilitybehaviour when compared with other pro-
filed tools, this is due to sufficient amount heat generation and high static
volume to dynamic volume ratio.

etc. TWBs can be made with same or different materials.
In some cases, TWBs made with weak and strong mate-
rial combination to form a component and there is a need
of different strengths at different places of the compo-
nent with less weights. It is not that much easy to deform
a high strength material as compared withless strength
material. The less strength material normally gives
a better response to the applied load and not the high
strength material because of difference in the ductility
of materialsthat results in uneven deformation.Many
researchers have used different kinds of metal joining
techniques viz. arc welding, gas welding and friction
stir welding to make welded blanks ! and are formed
into required shapes "7\ In the past research, FSW was
applied to weld similar ' and dissimilar " aluminium
alloys. With this process they obtained a refined ho-

Mechanical Engineering Department, Sreenidhi Institute of Science and Technology, Hyderabad, India;

Email: uday.nadikudi@gmail.com

Distributed under creative commons license 4.0

DOL: https://doi.org/10.30564/jmmr.v2i2.942

15



Journal of Metallic Material Research | Volume 02 | Issue 02 | October 2019

mogenized structure in the weld zone withsuperior me-
chanical properties. This isbecause of stirring action of
the tool pinand extrusion of plasticized material during
welding ). Tool pin is considered as an important param-
eter ' in the FSW process, because ofit stirs the mate-
rial around in the joining area and develops a fine grain
structure. It also avoid the voids in stir zone "' and also
dictates the flow of plasticized material during welding
(67 For good quality of TWBs,it's necessary to use a
proper FSW tool pin to develop the required amount of
heat by sweeping huge quantity of plasticized metal .
Xu et al."" studied the influence of tool pin profiles and
process parameters of welded joints made with AA2219
aluminium alloys through FSW.Vijay et al. ""“achieved a
better tensileproperties with use of a square profiled tool
is mainly due to flat faces of tool pin and holding dynam-
ic volume to static volume ratio.Morteza et al. ""* devel-
oped welded joints using H13 tool and the rupture was
observed at heat affected zone in the low strength alloy
side on welded blanks during limiting dome height test.
Lietao et al. " analyzed the formability of FSWwelded
blanks made with similar and different kind of alloys
using threaded tool revealed that the base material size
and their properties are the main influencing parameters
on the formability. According to Palanivel et al. " a
better welded joints can developed using FSW process
with a square pin tool and revealed that thetool profile is
better to develop a good refined structure through suffi-
cient heat development during welding.In this paper, an
attempt was made to study the effect of different tool
pin profileson the properties and formability through the
Limiting Dome Height (LDH) test.

2. Experimental Procedure

The base aluminium alloys used for the work were
AA6061 and AA2014 alloys with blank thickness of
3mm.The composition (wt%) for AA6061-T6 alumini-
um alloy blank is Al- 0.8Mg- 0.45Si- 0.025Cu- 0.017Ti-
0.04Cr- 0.15Mn and for AA2014 aluminium alloy blank
is Al- 3.98Cu- 0.46Mg- 0.75Si- 0.026Ti- 0.017Cr.First
the two base material sheets are sliced to size of 300mm
x 75mm. Friction stir welding was conducted on the
vertical axis milling machine with different tool pin
profiles viz. Straight Cylindrical (SC), Taper Cylindrical
(TC), Stepped Cylindrical (ST), Straight Square (SS),
and Straight Hexagonal (SH). FSW experiments were
conducted with tool rotational speed of 900 rpm, weld-
ing speed of 24 mm/min and tool tilt angle of 1°. After
welding, testing specimens were extracted from welded
sheets and tensile test specimens were prepared as per
standards of ASTM and tests were performed on univer-

16 Distributed under creative commons license 4.0

sal tensile testing machine.

Figure 1. FSW arrangement

Figure 2. Photograph ofdifferent tool pin profiles

Forming test on welded sheets were conducted
through LDH test and samples were prepared as square
in size (100 mm x 100 mm). LDH test was conducted on
a 50 tons hydraulic press and forming was made with 36
mm diameter hemispherical punch. the data logger which
is attached to press was recorded the dome height and
applied load data during forming and the arrangement
of hydraulic press with punch, dies and welded blankis
shown in Figure 3. It can be observed that the welded
blanks made with dissimilar aluminium alloys was gen-
erally less and on the other hand, a huge weld line move-
ment was observed. This is mainly due to difference
in ductility of the two alloys. AA2014 alloy alloy was
heated in the furnace at 495 °C for one hour and imme-
diatelyquenched in water. And then solutionized blanks
are naturally aged for five days at room temperature. The
welding was carried out with the heat treated AA2014
and as received AA6061 alloys and forming test was car-
ried. The microstructural examination of base materials
and also weld zone of the joined sheets was done with
scanning electron microscope after applying the Keller’s
reagent to reveal the microstructures.
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Figure 3. Arrangement of hydraulic press with punch,
dies and welded blank

3. Results and Discussions
3.1 Formability Analysis

Figure 4 shows the effect of different tool pins on the
formability of welded blanks. The material flow and de-
veloped heat are controlled with stirring action of the tool
geometry "*!. The action of the tool dictate by the ratio of
dynamic to the static volume of the geometry. The values
for the ratio is equal to 1 for SC tool, 1.09 for TC tool, 1
for ST tools, 1.56 for SS tool and 1.21 for SH tool '>'"'¥,
Out of five pin profiles, SS tool is holding high ratio of 1.56
with tool pin pulsating action of 60 pulses/sec is enough to
develop sufficient heat to make the welding zone material
soft and sweeping a huge amount of plasticized material
around the pin of rotating tool, which results in a better
formation of weld and led to formability enhancement.ST
and TC pin profile tools holding almost a same ratio and
there is possibility of less flow of plasticized material and
led to decrease in the formability. The SC pin profiled tool
holding the ratio of 1.0 and generates less flow of plasti-
cized material around the pin and attained a lesser form-
ability. This is because of the absence of pulsating action
of the tool pin was experienced. Although, the SH pin tool
holds ratio of 1.21 and the highest number of pulsating ac-
tion, this tool pin resembles almost as a cylindrical profile
tool leads to less properties.

It can be noted that, a high LDH (16.8 mm) value is
obtained for welded blank developed with SS pin profiled
tool and confirmed the effect of SS profiled tool is more
on the weld zone properties, similar kind of observations
were made by some researchers ">'**”, The SH and SS
pin profiled tools hold flat faces on the tool pin and devel-

Distributed under creative commons license 4.0

oped a localized pulsating stir action to plasticize the ma-
terials around during welding. At tool rotational speed of
900 rpm, the SS profiled pin produces 60 pulses/sec, due
to high pulses/sec produced is sufficient heat at weld zone
and leds to better properties.The SH pin profiled tool pro-
duced a low LDH (10.8 mm) formability characteristics is
due to at higher rotational speed, the SH tool flat faces are
resembles as almost SC tool pin profiled tool, and devel-
oped a insufficient heat during welding. The yield strength
and formability of welded blanks are relates inversely with
each other. Forming behaviour of an material is a function
of fundamental material propertiessuch as strain hardening
exponent (n) and work hardening capacity (1/YR) of that
material, and exisisting a relation with the formability "%,
Higher values ‘n” are required for better welded blanks
formability and are correlated with LDH values and also
with 1/YR values. 1/YR values are obtained from inverse
of the Yield Ratio (YR= yield strength/tensile strength),
which is good indicator for the formability behaviour *”,
It can be observed from Figure 5, the LDH has almost a
linear relation with the elongation (e), strain hardening
exponent (n) and also with the work hardening capacity (1/
YR). On otherside, higher‘n’value was obtained for weld-
ed blanks made with SS pin profiled tool, this is mainly
due favourable heating condition through pulsating action
of the tool pin. These relationships are showing a good
agreement of formability with tensile results.
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Figure 4. Effect of different tool pin profiles on the form-
ability of the welded blanks
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The recorded punch loads and dome heightsduring
forming are plotted in Figure 6. It can be observed that the
welded blank made with SS profiled toolattain high dome
height with underwent more load as compared with the
welded blanks made with other pin profiles.

Punch load (kN)

10
LDH (mm)

Figure 6. Punch load and limiting dome height diagram
for welded blanks made with different tool pin profiles

3.2 Microstructural analysis

The microstructures of the base materialsare shown in
figures 7a and b respectively. Base alloy AA6061 mainly
consist of particles of Al, Fe, Mn with some Mg,Si (white)
precipitates.AA2014 alloyconsists of CuAl, precipitates
(white) in aluminium matrix and also consists of some
insoluble such as Fe, Mn, Si particles.The micrographs
of welded zones made with different tool pin profiles are
shown in Figure 8a-e. ThroughFSW process, homoge-
nized and fine grains are formed at the weld zone 55, at
the appropriate heat generation is result of severe plastic
deformation ®****_ A homogeneous and fine grained
structure can observed in the case of welded blanks made
with SS profiled tool. This is due to appropriate heat gen-
eration through pulsating action of the SS tool pin. A less
homogenized microstructure obtained with usage of TC
and ST pin tools and on otherside, coarse and unhomoge-
nized grains were obtained with SH and SC profiled tools.
This is mainly due to insufficient heat generation of the
tool. This gives an effect of decreasing the formability of
welded blanks.

. ; PR s
Figure 7. SEM micrographs for (a) AA6061 (b) AA2014
base materials
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Figure 8. SEM micrographs ofweld zonesof (c) SC, (d)
TC, (e) ST, (f) SS, (g) SH tool pin profiles

4. Conclusions

The dissimilar welded joints were developed using FSW
process by using different tool pin profiles and then form-
ability behaviour was studied with the LDH test. From the
results,it can be observed that the welded joints developed
using a square profile pin tool gives a better formability is
due to the pulsating action of the tool produced a fine and
uniform distributed grains throughout the structure and
this results were confirmed from the obtained microstruc-
ture.
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1. Introduction

Titanium has a moderate strength to weight ratio, corro-
sion resistant properties and ability to withstand at elevat-
ed temperature without creeping and thereby making it a
strong candidate to be serviceable in modest acrospace in-
dustry, lightweight engine shafts, motor parts and making
critical components for strategic cryogenic applications in
defence '), Several powder consolidation processes can
be adopted to obtain an extensive range of rapidly solid-
ified (RS) compositions of titanium. Rapid solidification
can affect the resulting crystal structure, microstructure,
morphology, constitution and mechanical properties of the
specimen. Conventional compaction methods applied in
powder metallurgy exert high pressure and temperature

*Corresponding Author:
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Titanium powder was rapidly solidified by using shock-wave consolidation
technique. The critical parameters were controlled by intrumented detonics
and pin-oscillography. The compacted specimens were investigated for
crystal structure and microstructural strengthening by using standard diag-
nostic techniques. The density of the final product was found to be greater
than 96% of the theoretical value. X-ray diffraction pattern reveals intact
crystalline structure without the presence of any undesired phases. The
particle size reduction indicated by XRD was supported by laser diffraction
based particle size analyzer. Results from energy dispersive spectroscopy
ruled out the possibility of any segregation within the compacts. Scanning
electron microscopy showed crack-free, voids-free, melt-free, fracture-less
compacts of titanium with a unidirectional dendrite orientation without any
grain-growth.

on the specimen for long duration . This prolonged tem-
perature exposure may result into grain-growth, melting of
the compacted specimen and deteriorate the fine-grained
structure that can reduce the mechanical properties.

As such the consolidation temperature must act rel-
atively for lesser time. Therefore, innovative technique
like shock wave compaction (SWC) has been developed.
SWC is an emerging technology wherein fine powders
are dynamically compressed to produce monoliths of de-
sired dimensions. Shock wave being transient in nature
requires no additional binders. With a working time of
few micro-second, it offers opportunity to consolidate
the fine powder particles without any grain-growth. The
dynamic high pressure of shock wave causes pore-elim-
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ination whereas the transient high temperature leads to
surface heating, resulting into interfacial locking of the
particles while keeping the particle interior intact from
high temperature exposure “. Figure 1 represents differ-
ent processes ongoing during the SWC of powders. The
present study aims at producing compacted specimen of
pure titanium powder under shock-wave loading while
retaining its crystal structure without formation of unde-
sired phases and obtaining a better microstructure without
grain-growth, without melting or without segregation. The
objective is to correlate theoretical considerations with
experimental analysis as well.

%%

Plastic flow and interparticle impact
Tnterpanicle l’nm\ /wmcoquse
Interparticle fracture Interpanicle melting
L compncm! W

laterparticlebonding Tnt tapnm !cmfu‘ls

Figure 1. Various modes of energy dissipation in SWC of
powders

2. Experimental Work

The experimental work comprises two parts: one involves
the compaction phenomenon and the other concentrates
on the analysis of the specimen using standard diagnostic
techniques. Figure 2 represents a block diagram of the
SWC system. It consists of a cylindrical ampoule with
a conical cap at top and a plane cap in the bottom of the
cylinder. Titanium powder is filled in this cylindrical am-
poule with special care that air may not remain entrapped
between the fine-grained particles. This cylindrical geom-
etry is now put inside a perplex pipe filled gently with an
explosive material. A detonator covers the top of the spec-
imen-loaded arrangement. A pin oscillographic technique
including a pulse generator (pulser) and a Digital Storage
Oscilloscope (DSO) was used to measure velocity of det-
onation. The choice of explosive is very critical aspect for
SWC as it involves detonation wave, shock wave and ex-
panding gases that may directly affect the corresponding
microstructure of the specimen under consideration. An
explosive called trimonite with a moderate velocity of det-
onation is used for this specific purpose. The whole con-
figuration placed in an earth pit is detonated with the help
of exploder dynamo condenser (EDC). The detonation
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wave on combination with explosive produces a spherical
shock-front that swiftly travels down to the compaction
system. The spherical shock-front becomes plane wave-
front after passing through the conical top. This planer
shock-front travels gradually down to the ampule and is
responsible for the compaction of the powder

i ] ~To EDE

Consdiiaing probes

PULSER

Figure 2. Compaction geometry for SWC of titanium
powder

X-ray diffraction (XRD) technique was employed to
determine the crystal structure, phase and FWHM values.
The device used was X’PERT-PRO X-ray detector with a
fixed divergence slit operating at 45kV and 40mA, with
a step-time of 1.0s and step-angle 0.02° using Cu K, lines
having wavelength of the order of 1.54A. The goniometer
was varied through the angle (20) from 10°to 80°. The
variation in particle size of the shock-processed specimen
was examined with the help of laser diffraction based par-
ticle size analyzer (Malvern mastersizer, S-2000) having
lens range 300RF and a beam length of 1.9mm working
at wavelength of 633nm. The chemical homogeneity and
segregation within the compacted specimen were exam-
ined by using energy dispersive spectroscopy (EDS, Gen-
esis APEX4) with a single shot multibox detector, SSD
Apollo10, at energy ranging from 0-30 keV. To determine
the surface morphology, core microstructure, melting,
fractures and cracking of the shock-processed specimen,
scanning electron microscopy, (SEM) FEI, Quanta 250,
D-9393 operating at 20 kV was used.

3. Results and Discussion

3.1 Determination of crystal structure and phases

Figure 3 represents graphic workspace fit X-ray dif-
fraction pattern of un-processed and shock-processed
titanium powder. XRD study reveals that the shock-pro-
cessed titanium is much similar to the un-processed spec-
imen. The diffraction peaks (001), (100), (101), (110),
(102) and (111) confirm hcp crystal structure of titanium.
After being indexed, the peak position of shock-processed
specimen found to possess same crystalline phase as that
of un-processed specimen. No extra peak was observed
in the compacted specimen that rules out the possibility
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of impurity and presence other phases. It can also be seen
in the X-ray pattern that FWHM values of the shock-pro-
cessed specimen have been increased significantly (from
0.4793 to 0.9507°20). One can conclude from the well-
known Scherrer’s formula that grain size has been re-
duced in the compacted specimen. This broadening in the
diffraction peaks attributes to a decrease in crystallite size
under intense shock-loading. The slight shift of the dif-
fraction peaks towards the higher angle also point towards
the decrease in lattice parameters (Bragg’s law). This shift
in peak position may be attributed to a few crystalline de-
fects owing to the melting of particle interfaces . More
intense peaks in the diffraction pattern of shock-processed
specimen indicate the more density of the particles at
that particular position or plane. A careful observation
of the X-ray depicts that there is small disturbance or we
may say small peaks around the 52° and 64°(26) in the
shock-processed specimen whereas no such disturbance/
peak is observed in the pure titanium powder *. These
peaks point towards the oxide formation in the compacted
specimen. The justification stems from the fact that air
may remain entrapped during the tapping of the powder
in the cylindrical ampoule resulting into oxide formation.
Oxide formations in the compacts are responsible for low-
er density of the final product '".

(1o1y |—— Un-procassed Titanium

Intensity(a.u )

(001) (100

T
30 35 40 45 55 60 63 To

50
Position (20)

—— Shack- processed Titanium|

Intensity(a.u )

P Jd L s ,u'lll. =

T T T T T
30 L 40 45 50 53 60 ] L
Position (20)

Figure 3. Graphic workspace fit XRD pattern for un-pro-
cessed and shock- processed titanium

3.2 Determination of Particle Sizes

To support the reduction in particle size in the compacted
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specimen revealed by the X-ray diffraction method, we
used laser diffraction method. It applies small angle laser
light scattering principle to measure particle size distribu-
tions of powder. Figure 4 shows Gaussian fit particle size
distribution (logarithmically normal) for un-processed
and shock-processed titanium. Table 1 represents the data
recovered from laser diffraction method. D(v,0.9) reflects
90% of the sample is under this size. Similarly, D(v,0.1)
means 10% of the sample is below this size and likewise
D(v,0.5) denotes 50% of the particles lie below this size
range. The volume moment mean diameter D(4,3) was
calculated by using the relation: . Where, is the volume of
particles and is actual surface area of the particles called
de-Broncker mean diameter ",

The density of the shock-processed specimen found
nearly the theoretical value (4.506g/cm”). That means
SWC technique is quite helpful to achieve a density more
than 96% of the actual value. For un-processed powder
specimen, average moment mean diameter was found to
be 32.56um which had been reduced down to 24pm.

Volume 5%

Un-processed Ti powder

Particle Abundance

108

ag

0 70 80

=it 2 g
1.0 10.0
Particle Size (um)

100.C 1000.0

Figure 4. laser diffraction based particle size distribution
for un-processed and shock-processed titanium

Table 1. Data recovered from laser diffraction on the pure
and shock-processed titanium

Parameters Un-processed Ti Shock-Processed Ti
Specific Surface Area 0.1395m*/g 0.0586 m*/g
D [v,0.9] 48.06 pm 40.25 pm
D [v,0.1] 10.80 um 12.40 pm
D [v,0.5] 27.65 um 24.35 pm
D [4,3] 32.56 pm 24.03 pum
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3.3 Determination of Elemental Composition and
Segregation

There may arise some problems with respect to the
segregation of impurity elements and coarse inter-metallic
compounds due to the formation of new phases in SWC
process. Better microstructure controls the segregation
phenomenon and dispersed position of non-metallic inclu-
sions. Therefore, energy dispersive spectroscopy is used
to explore compositional changes and segregation within
the compacted specimen.

Un-processed Titanium

TiK,
by

T 1 T T T T T T T T T T T
0.50 1.00 1.50 2.00 250 3.00 3.50 4.00 4.50 5.00 550 6.00 650 7.00 7.50 8.00
Energy - keV

Shock-processed Titanium

TiKg

Tie

T ! T T T T T T T T T T T T T
200 400 600 2.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.0v
Energy - keV

Figure 5. EDX data indicating no segregation within the
compacted specimen

Figure 5 shows the energy dispersive spectra of pure
titanium (99.96% purity) and shock-processed Titanium.
Quantitative EDX data suggested no segregation within
the compacts after the shock-loading. Infact, the sample
under investigation was put into large energy range upto
30keV but only three peaks TiK,, TiK;; and TiL, were ob-
served with the same peak positions. This means that the
sample possess chemical homogeneity. Since, the rapid
solidification occurs at quench rates of the order of 10° K/
s for particles of 100um or less "' This high-quenching
during rapid solidification minimize chemical segregation
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and formation of massive phases and hence ensures a ho-
mogeneous fine-grained structure.

3.4 Determination of Morphology and Micro-
structure Evolution

Figure 6(a) is an SEM picture of pure titanium powder.
The particles are primarily of various sizes and morphol-
ogies. The particles are rough needlelike structure. Some
particles appeared to be crystalline while others appeared
amorphous. Even after size classification, large variations
in particle morphology and structure were observed. The
particle-size of the titanium powder calculated from SEM
image found to be ~30um that supports the earlier ob-
servation. Figure 6(b) concentrates on a single particle at
a higher magnification (4000%). The morphology of the
particle consists of uneven smooth surface. It reflects dis-
tribution fine dendritic structure on the surface of particle
in different directions. Such irregularities are favorable for
SWC as it may produce better interlocking between parti-
cles and lead to higher density of the final product.

o %4000F 10 um’

Figure 6 (a). SEM image of pure titanium powder parti-
cles. (b) magnified image of a single particle showing its
surface morphology
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Working with shock-loading of metal powders faces a
major problem with melting of the final product. There-
fore, micrograph images were taken from the inner portion
of the shock-processed specimen at different magnifica-
tions to realize these issues. Figure 7(a) and (b) demon-
strate core fracture morphology of the shock-processed
titanium with unidirectional heat-flow. It can be seen from
higher magnified image that dendrites are oriented in the
direction of heat-flow within the compacts. Such structure
supposed to possess good mechanical properties. Distinc-
tive grain boundary can be seen at higher magnification
(1200x). Two sub-structurally different regions can also
be observed in figure 7(c) and (d), respectively. Regions
marked with “A” showing only little cracking of the com-
pacts. Cracking may be due to uneven load under delib-
erate breaking of the compacts to observe these regions
within the core of compacted titanium. Cracking within
the compacted specimen is attributed to tensile/compres-
sive stresses, and shear instability or solidification shrink-
age.

Figure 7 (a). heat-flow throughout the surface of com-
pacted specimen. (b) higher magnified image showing
dendrite orientation within the inner portions of compacts.
(c) fractograph showing the well-bonded structure in the
core of compacted specimen surface (d) microstructure

across the grain boundaries

—

No micro-void was observed in the whole compacted
specimen. The regions marked with ‘B’ correspond to
melting across particle interfacial. These melting layers
are responsible for the bonding between the particles
under the intense deposition of shock-energy. Because
shock pulses being transient in nature apply only for few
micro-seconds, the melted layers re-solidify instantly
and the grains do not respond against their growth during
SWC process. Thus, the apparent white regions across the
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grain boundaries are produced due to rapid- solidification
shrinkage '"*). The grains of the shock-processed speci-
men seem to be of smaller size as that of un-processed
specimen shown by figure 7(d). It is clear that shock wave
loading considerably deformed the particle shapes as well.
These irregularities increase the contact area of the speci-
men and hence the strength considerably. Such sub-struc-
turally unique situations under controlled parameters lead

to better microstructures that provide better end products
[14]

4. Conclusions

SWC technique helped in forming the uniform melt-free,
crack-free, voids-free compacts of titanium powder. The
crystalline structure of the compacted specimen remained
intact. No impurity or phase of any other kind was de-
tected. There is no segregation within the compacts. A
remarkable particle size reduction was observed that rules
out the possibility of grain-growth during compaction
process. The density of the final product was found to
be more than 96% of the theoretical value. Shock-wave
consolidation being transient in nature, owing to its short
processing time, controlled parameters and high quench-
rates proven to be a very helpful technique for obtaining a
stable structural and microstrutural products.
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