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1.Introduction

The electrospinning process is one of the most well-known
methods for making nano and micrometer diameter fibers
that have a high surface-to-volume ratio. Parameters such
as concentration, feeding rate and voltage play important
roles in the morphology of the electrospun fibers. Some
researchers have conducted researches on the morphology
and electrospinning parameters of poly-caprolactone,
gelatin and chitosan. Based on theie researches, it seems
that the effect of electrospinning parameters on ternary
composites has been paid less attention. For this purpose,
in this research, it has been tried to fabricate scaffolds
made of natural and synthetic polymers. To do so
gelatin/chitosan/polycaprolactone composite nanofibers
were produced using the electrospinning method.

2. Experimental

In order to prepare ternary composite fibers, the
concentration of polycaprolactone, gelatin and chitosan
solutions was considered to be 15, 25 and 3% wit%,
respectively. The electrospinning process was carried out
using an electrospinning machine made by Nanoazma
Company. The solution of polycaprolactone in a 5 ml
syringe and the combination of gelatin-chitosan solutions
in an another syringe were inserted into different pumps of
the device. The feeding rate of the solution for
gelatin/chitosan  solution was 0.2 mil/h and for
polycaprolactone changed from 0.2 to 1.5 ml/h. The
rotation speed of the cylinder was 100 rpm and the applied
voltage was kept constant at 15 kv. Aluminum foil was
used to collect the scaffolds on the collector. The details of
the produced samples are given in Table 1. The samples
were cross-linked in glutaraldehyde vapor with 25% by
weight.

Table I: The details of sample preparation

Sample code Distance(Cm) | Feed rate(ml/h) | Voltage (kv)
PGC1 10 0.2-1.5 15
PGC2 10 0.2-0.6 15
PGC3 10 0.2-0.4 15
PGC4 10 0.2-0.2 15

M 300 WV
Vi Sk 379 pm
SEM MAG: 3.00 bx  Dategmiiys AT

Figure (1) SEM micrograph thaken from samples with
ratios of polycaprolactone to gelatin-chitosan a) 10-90 and
b) 40-60.

3. Results and discussion

FTIR study shows the presence of chitosan and gelatin in
the gelatin-chitosan samples. Also after cross-linking, a
new peak appeares at the wave number of 1030 cm™.

The SEM images for samples with ratios of
polycaprolactone to gelatin-chitosan 10-90 and 40-60 are
shown in Figures (1-a) and (1-b) respectively.

*Manuscript received: September 2, 2023, Revised January 1, 2024, Accepted, February 26, 2024 .
" MS.c. Department of Enginerring Materials, Engineering Faculty, Shiraz University, Shira, Iran.
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Contact angle test was done on the samples. The results
show the dependency of contact angle on the percentage of
gelatin-chitosan to polycaprolactone. In another word
hydrophilicity of PCL will be changed in the presence of
gelatin and chitosan. Breifly, the contact angle of the
scaffold made of PCL is about 98 degrees, while the
addition of gelatin and chitosan significantly reduces it to
about 22. Figure (2) shows the results of contact test for
pure PCL and PGC4 samples.

b)
Figure 2: The results of contact test for

a) Pure PCL b) PGC4

Evaluation of degradability in phosphate buffered saline
solution shows that the weight loss of the scaffolds
promotes as time increases from 1 to 28 days. Considering
that the nature of polycaprolactone is hydrophobic and the
nature of gelatin-chitosan is hydrophilic. The highest rate
of degradation is in gelatin-chitosan fibers with more than
50% degradation after 28 days and the lowest degradation
rate is related to the sample containing 70% by weight of
PCL with less than 23% degradation after 28 days.

4. Conclusion

Polycaprolactone-gelatin-chitosan ternary composites
with different weight ratios of polycaprolactone (70, 80,
90 and 60) were made by double-sided electrospinning
method. The samples were cross-linked in glutaraldehyde
vapor with 25% by weight. Microscopic evaluation
indicated the proper formation of the composite. FTIR
analysis confirmed the bonding between the components
in the composite samples. Also, the results of the water
contact angle test showed promotion the hydrophilicity of
the PCL scaffold by adding gelatin and chitosan. The
contact angle of pure PCL reached from 98 degrees to
about 22 degrees at the presence of gelatin and chitosan.
The evaluation of degradability in phosphate buffered
saline solution showed that the weight loss of the
fabricated scaffolds occurs with the passage of time from
1 to 28 days for all scaffolds. Because of the nature of
polycaprolactone and gelatin-chitosan, the highest
degradation rate after 28 days belongs to gelatin-chitosan
fibers with more than 50% and the lowest degradation rate
related to the sample containing 70 wt% PCL with less
than 23%.
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Characterization of Polycaprolacton/ Gelatin/ Chitosan Scaffold fabricated by Dual
Electrospinning Method

Mina Parnian Seyed Mojtaba Zebarjad

Abstract In the present study, a design for the construction of poly-caprolactone (PCL)/gelatin (GEL)/chitosan (CS)
scaffolds has been proposed in order to increase performance in tissue engineering. The artificial polymer PCL is used
to increase the mechanical properties of the scaffold, and two natural polymers GEL and CS are used as factors in the
proliferation of cells. Polycaprolactone-gelatin-chitosan ternary composites with different weight ratios of
polycaprolactone (70, 80, 90 and 60) were made by double-sided electrospinning method. The samples were cross-linked
in glutaraldehyde vapor with 25% by weight. Microscopic evaluation indicates the proper formation of the composite.
FTIR analysis confirmed the bonding between the components in the composite samples. Also, the results of the water
contact angle test showed promotion the hydrophilicity of the PCL scaffold by adding gelatin and chitosan. So that the
contact angle of pure PCL reaches from 98 degrees to about 22 degrees with the presence of gelatin and chitosan. The
evaluation of degradability in phosphate buffered saline solution showed that the weight loss of the fabricated scaffolds
occurs with the passage of time from 1 to 28 days for all scaffolds. Because of the nature of poly-caprolactone and gelatin-
chitosan, the highest degradation rate after 28 days in gelatin-chitosan fibers is more than 50% and the lowest
degradation rate related to the sample containing 70 wt% PCL is less than 23%.

Keywords Polycaprolacton, Gelatin, Chitosan, Electrospinnin, Scaffold.
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1. Introduction

Stainless steel foams are a suitable alternative for non-
foamed stainless steel in products such as sandwich panels,
high temperature oil/gas filters, heat exchangers and high
temperature  catalysts. These materials can be
manufactured by various methods such as impregnation,
slurry foaming, laser melting, hot isostatic pressing, and
the use of a space holder. Many researchers have produced
foams of stainless steel and other metals using urea grains
as space holder and pre-curing immersion methods.
Mirzaei and Paydar fabricated stainless steel foam 316L
with 71.5% porosity using urea granules.

2. Experiments

Austenitic stainless steel 316L powder was purchased
from Tijo Chinese company with a purity of 99.9% as raw
material. The urea granules were prepared from Bojnoord
Petrochemical Company. The diameter of urea granules is
between 1.4 and 2.6 mm with an average of 2 + 0.2 mm.
Spherical urea granules were chosen as space holder,
because they are easily leached at low temperatures
without reaction with stainless steel powder. A water-
based polyvinyl alcohol solution was used as an organic
binder to ensure that the metal powder particles adhere to
the urea granules and also to provide sufficient strength.
The powder metallurgy method based on the use of
leachable space holder was applied to fabricate the cells
and 316L stainless steel foam. The leaching process in a
hot water bath and drying in a hot oven were sequentially
used to remove the space holder. The advantage of using a
hot water bath to remove the space holder is that the
produced foam experiences less thermal stress. In
manufacturing process, the stainless steel powder coated
on the urea granules (30, 32.5, 35, 37.5, and 40 wt.%).
Then, the coated urea granules were placed in a cylindrical
steel mold and the compaction process was done by a

hydraulic press under five different pressures: 150, 175,
200, 225 and 250 MPa. Then, the green specimens were
removed from the mold and transferred to a hot distilled
water bath to dissolve the urea granules. At this stage,
about 90% of urea granules and polyvinyl alcohol glue are
removed. Finally, after performing the sintering process,
the manufactured foams are ready to determine the density
and porosity percentage and evaluate the microstructure.
In addition to experimental tests, the finite element method
was employed to simulate the compressive behavior of
steel foams.

3. Results and Discussion

The stress-strain curves obtained from the compression
test for the fabricated foams are shown in Fig. 1. As can be
seen, both factors of amounts of urea granules and applied
pressure affect the stress-strain curves. Mechanical
properties including: modulus of elasticity, plateau region,
strain-softening and strain-hardening have been calculated
from stress-strain curves. Increase in the pressure during
the compaction stage generally leads to increase in the
yield strength (Fig. 1-a). This can be due to the fact that
with increasing the pressure, the steel powder particles
become closer together, enhancing cold bonding between
them. It can be seen that the stainless steel foam with urea
content of 32.5 wt.% and the applied pressure of 175 MPa
has the highest strain-softening and strain-hardening
compared to other specimens. The dependence of the
strain-softening and strain-hardening to the applied
pressure is not significant, however generally, in the
porosity range studied here, with the decrease in the
amounts of urea granules, the strain-softening and the
strain-hardening decreases. The lowest strain-hardening
and the lowest strain-softening correspond to the specimen
with 40 wt.% of urea. The highest elasticity coefficient is
about 681 MPa for the specimen with 30 wt.% of urea and
applied pressure of 250 MPa. The elasticity coefficient has
inverse relationships with the increase of decreasing the

*Manuscript received: August 7, 2023, Revised September 30, 2023, Accepted, February 26, 2024.

! Department of Mechanical Engineering, Faculty of Advanced Technologies, Quchan University of Technology, Quchan, Iran.

2 Correspounding Author: Assistance Professor Depa,rtment of Industrial Engineering, Faculty of Engineering Science, Quchan
University of Technology, Quchan, Iran. Email: a.naserian@qiet.ac.ir.

3 Department of Mechanical Engineering, Faculty of Advanced Technologies, Quchan University of Technology, Quchan, Iran.



https://jmme.um.ac.ir/article_44955.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://jmme.um.ac.ir/
https://doi.org/10.22067/jmme.2024.83785.1120
https://orcid.org/0000-0002-0676-4031

Masoud sahraei, Ali Mohammad Naserian-Nik , Hamid Sazegaran 16

porosity and increasing the applied pressure. With the
reduction of the porosity, the length of plateau in stress-
strain curve decreases, and the length of this region does
not depend on the applied pressure. The SEM micrographs
of surface fracture of the specimen containing 30 wt.%
urea and applied pressure of 250 MPa show that urea
granules have been completely removed and full spherical
cells have been formed (Fig. 2). It is clear that the
dispersion of urea granules has been well done and the
cells have been connected to each other. In addition, micro
porosities in micron dimensions are observed at the
boundary of sintered steel powder particles, and this is a
great factor for energy absorption. Simulation of
mechanical behavior is a relatively new method to evaluate
steel foams. Fig. 3-a shows the deformation and stress
distribution  resulting from the compressive test
simulation, when the specimen breaks. By comparing the
experimental and simulated results, it can be said that the
destruction mechanism of both experimental and
simulated specimens occurs almost similar to each other.
The stress-strain curve extracted from the software shows
that there is an acceptable agreement between the
experimental results and the simulation results (Fig. 3-b).
The main difference is related to the sharp drop of stress
after the yield point in the simulation curve compared to
the experimental curve, which can be attributed to a rapid
crack growth in the simulated model.
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Fig. 1. Compressive stress-strain curves. a) 30 wt.% of urea
and b) 250 MPa applied pressure.

4. Conclusion

1. The optimal applied pressure and amounts of urea
granules for the manufacturing of 316L stainless steel
foam are 250 MPa and 30 wt.%, respectively. For this
case, the yield strength and ultimate strength were
measured to be 152 and 158 MPa, respectively.

2. The suitable temperature and time for sintering the 316L
stainless steel foam is 1200°C for 1 h.

3. The amounts of urea granules and applied pressure are
effective factors in the mechanical behavior of 316L
stainless steel foam, and generally, the strength is
improved by reducing the porosity (reducing the
amounts of urea) and increase of applied pressure.

4. The compression test of steel foams was successfully
simulated. The stress-strain curve was extracted with
the finite element method by explicitly modeling the
holes.

Fig. 2. SEM of foam surfaces with 30 wt.% of urea and
applied pressure of 250 MPa.
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Fig. 3. The simulation results of the pressure test: a) the
failure of the model and b) the resulting stress-strain curve.
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Investigation of the Mechanical Properties of Stainless Steel Foams Manufactured through Leachable
Spherical Urea Granules as a Space Holder

Masoud Sahraei Ali Mohammad Naserian-Nik Hamid Sazegaran

Abstract Foam materials are a family of new and advanced materials that due to their unique characteristics, will have
a lot of potential for development in the coming years. The current research deals with the production of metal foams
made of 316L stainless steel, which has a relatively wide application in the medical industry (especially in the production
of implants). For this purpose, the methods of powder metallurgy and dissolving spherical urea particles in water has
been used as a spacer have been employed. Porosity measurement, cell wall evaluation by scanning electron microscope
and pressure test on steel specimens have been investigated. The effect of porosity and applied pressure during the
production of the foams on their mechanical behavior have been studied. In addition to conducting experimental tests,
the compressive test was simulated using an explicit finite element model for a steel foam with 30 percent of porosity. The
results indicate that the failure mechanism of both experimental and simulated specimens occur approximately similar.

Keywords Stainless steel foam, Spherical urea particles, Pressure, Space holder.

S NPTV 0T oy 20l 5V E YN Pl Sl s sl
;)\9;"5 AQ\?:":QW aK.:.J.J AJ.L’J éud_;)u IRt u_(.:lliﬂ J“J‘“ﬁ" ajjf g.Li_}\ u,uLw?)lS (\)
Email: : a.naserian@qjiet.ac.ir Ol B Ol 3 s oK (i oo 0 dSah (mlis wdige 05,5 Olalinl i st oy 5 (T)

Ol 3 Ol g mis oSS (pmnign p ke 0dSiSls (s g 05 S bkl (1)

\Vv


https://jmme.um.ac.ir/article_44955.html?lang=fa
https://jmme.um.ac.ir/
https://jmme.um.ac.ir/article_43270.html?lang=en
https://jmme.um.ac.ir/article_43270.html?lang=en
https://orcid.org/0000-0002-0676-4031

ol s ok A 055 Y sl s SIS 5, L]

VY By 1ol glw i8S oo s 5 I LUK aY
& p1B1[22] Sl 5 e e el 55158 IS LS
Lo 53 VO o Olsn LYVPL 035855 5V 58 055 ol
N5 05 [23] o) 5 elS 5 S AllS 5l eslinul L
5SSl S g alie 3, 5l eslinal L s 0555
L1 Jodste Sl 053805 5Y 5 0 58 S5l (5145 55 [24] 53Ls
A dd ol s 5 VU s T L alie 5 5, 5l eslinn |
s S
53 sl s el G res 53 5 05,1 JTesle S e
IMosil bl jlalias e b aslis 55 5 358 e J> O
Ll o osabse dul b I onl b [25] 505 6 5V Sl
ls 03151 35150 s 5 3l Jise ad sl ol 3 slitla s
Sl sl el K3 500 (3 5 S 0 Son Ly
Fo Soze 02 B 2)lse pled [26] 55 s Wd s lgs 5o
Sl e BN 55585 J S (5o b8 Al S S e
S 2T] Oer 5 S sand 238 o SO be S5
slasbtle A5 gl slalas Olpe 4 dal)lS s s
L3S eslizal O 53 Il o, 5l eslizad L pyslis p s
st A s Oljen b 8 Slad s JS05 45 s el
b s s s badbe slajlss 5 ol 63 S
03 AL ey o 5l AellS (gpind 5 sk Ayl
Ol s LB ol a5 e Lyl &S il
SIS a0 slge A 55 Oy 5 das s STy 5B L sl
3 5H[28] OSas 5 g 3 5d e T b e 0550
o S oo 3l s S eslial jlulial Olge o5l 5 S
53 3 ailae a0l (slag b G S-S (sla s 5 s
S Lo a5 edalie 5 Jske o3l s 4 0T andllas
izt 5 M55 Sl et oy » Sl R ldlas
S, s badshe Sy sy lelad ke 5 g Ol EG
St ol sl w8 S g0 005 Y g slap s Sl
ol doys) s Jelse Ol S6 LUl adlas pl Lo
Slapss L Sl 5 sl Ol (Jlas) LS i

el 055 g3 b

FURTH
O3zt Jols Sosline (slajli 51 (slas sazme 0555 5V 5b p 4
Gl S 5 Olslp 655l cllb VL ) (S
bag s ol AT s e 55 511 o SO 5 (S
Jo Lad=lon (o gae odige Liles il slas )8 55
andllas Jl= 5o (S5 Sy glas ) 5 ol ot JE
Sl e o0l 0555 63V58 slae s [2] s
bafoy guotile Wile Npams 53 g b 03555 2Y 8
536 5 ol sladiae YU sles L 57 e, gla il
3L Slids oS sl S5 0LLS [3] 5y il VL sl b
el [5] U5 5 [4] psls Osmman D158 il slae 5 (555
Vb slaesd ol pl VL ause @ g Lol ol
W by pkige sl oldr ML Lol b= s 0505
Shazas ol el pesdle s Sap sy slas 5,8
3 e OS5 Sa 4 Caslie b Lap 53
Lolg oo 1y alse ool [6,7] den o5 SO sla S5
33 0] s> ke 55 8] gLl wilon iliss (slno s
L slalad 5l eslanal 5 [11] fls bl b oy 101 (555
Sras iy onl Obe 53 3 S W [12] Lad ek 1saS
03551 ezt OISl &S Coal D131 5 03l sl 255 Slaliad
5 ot w5 s SO el bk ke glalsl
Doyl 1y me 5l Olppe oo 5 il St 55
sl
Sl OT 51 Ol s 48 3513 355 slulizd g5 33 S 53
dile 5l slge S eslinal 5L sl slap b 5o lad ke sl
ot 5 [14] 55w 18] el J12] gy pol Sl S
L Vil o a5 sl L b s s Jl e 5 [15]
S Sad s fols Lol 51 pladiged 5 Ljls |y yda o
3ol Ll b oo [18] s Ly Ao 5 [17] el S ( [16]
Sleslial b1y ols sl 5 05855 @3V slap b Oliioes
w8 ok s Sas s slelad Olse @ ol gladls
osliis | glo s 51 [21] LS5l 5 555 [19,20] Lles S A5
5835 KallS lails Cila JSs 53 51 0T 53 oS s S
B YT sla ol b o3V o3 Lo s sl (plinel
BT o g b ol | 5 538 el | s 53 V)

’f'f(}):‘)[«.ﬁ‘@jwdﬂw

Ay s sl in



'4

IFL 0555 sV 50 o s Slasie \ Jsd

e | OA s S 5

S I N T R e
_;aLJl v /004 ANy /Y 2 /2 Y0 \/0F

DA% Y/OV ARVAG YV/A

v.'v)'}.«\.ﬁ))

cts

1700 4

1600 -

1500 - [

1400 ~
1300 -
1200 -4
1100 -
1000 <
900
800

700+

600
500+
400

3004

2004 Cu-ka (1541874 4)
100 I \
T Tl ‘r‘l lJ -

20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00

[96-100-8726] Fe3 C Iron carbide Cohenite [
[96-901-3486] Fe Iron &
071]

‘AL...,..‘L“.‘L

T
65.00 70.00 75.00 80

sk ‘I‘I. b e

ol oslizal 055 3V 5 4oy 5l WSOl aml 3, G-wdqﬁ»};m(g),&:w SN Sy S s (L) VS

beg Mg 5 csle
sl Sl Slalad Sleslinad 5y gxe 535 o5l ) )
Ll b A sslinal YVPL 03855 V5 o b Ay 5 ad sk
OS5V 5 Jan 5 os sl sladils s i Juls A 5
b Sk ag 5 Wl iy eyl gladls 03,5
Plomil sl ke T p S plax 093 pl (glads sad 5554k 52
Gl 3 oS ol S35 LBl o) 0555 b 50yl
Lo S oS 53038 St 8 Ol plas s gkt
Cupe ph e el Slalas Gls gl Jisme O
S ol pl el 2l 6l n 0 8 O ple Sl eslinad
SAS a ) S SOl A SIS e o e Lol
b illee el 3yl s a6 (SO S, s o
533 Les3) sl 5 O3 VB 3y edd e (slals
Lo (A a § L j3 Fr STV/O O XFY/O X oyl
walsl 0> 5 35 e ogbse Jake O (B8 L s sl ag
oS bslsn 0553 S o s by oy ol e 4 LS T3

Lo sasl Sy 5 slse
3l g0
LTijo o oS,2 5008 L el 0555 sV yop
Slasin L eslital 4l esle Ol s a4 Lo ys A4/4 ol
o b (sl S el s 1) (V) Jsds 3 esle oyl
S9N Sy Sen L 0553 s3 g SOl 50 54 Ele
Sls i () JK2) Ad (5 ,505161 (LEO 1450VP 35KV)
Y s b gte L ey S YY1 5SS S g s
350 08l i IS0 5 G S S s s S (Y E
Cladils a3 ol ol ags 5 s erig i S 4 Sl eslinul
Y oyl ladls Lo gie a3l e ke Y/ B V/Y el
3 s ol jlalad Olge 4 65,5 oosl ol e Lo Y
53 \YO) b glales 53 of sl T« ol e
LUl 0555 s¥ o0 O3 b uSly o 5 (o Kl
33 4253 0) Dy e S sy Jslome Sl
S Ol ge & Ghade OF 55 405340 5 IS s b
Slasils 4y (5518 535 D3 O 51 Oloedl sl Iy

L eslaa 4‘595 r&.>=1.~‘ bl>=3\ W 9 e)}‘

o 5 Sisllie ndign 20

’f'r’4j.>o‘)w4é;:jwcﬂ.w



eIl g ot 57 05T 5Y 55 slap g8 SlSo iy i)

3 3 o 5 g n b Gale S g 058 5 a5 ¢ g
Al b h g & ol o) 4 GUI gles U lsa 55 02
o3 VO 5 O55dh e o3 YO L) 05 20 5 05,4
S e i 1500 S e Jie (055,55 e
OLLs 5,8 o o 3l S Bl am s VY0 gles 5 el
alcfe:,);;ljfd:j\.wAa-);OJ.g\ﬁLA:Q\JxAJCJJ«S@He-jS
eV T Jee 4 Calee 5ol 25 sl 1Bl Ol
SN g5 O LS| 5l b i 055 henal] 45 Sl S5 4
O ol 51 e g 53 S e (6l VL sles o
Uire 5 S&s e Gl M5 lapss o8 Sl e
A oslel LIS 5 bl gy Ll bl 5 lss
S ol el slwl Caliies (gad sad ilasidne (V) Jsd
OLas (1) s 53 4 50 olwaslal S 0T 5 e e 0l |

ol 0 031

B D aBl b eyl slaals T ol el
Do ks AT g Lpde el LI JSE sll gl Y5
Slesl sbalis 5,8 o Do S ey S buy
GIU s Ol YO MPa 5 YYO (Yer VO N0 il
ol (slapgb o 3,8 13 asdllas 550 el 5LES Ol 5
Sade Of plam 4 oyl Il gl 5 g e ol B S
Clplem 3 aids Vv Sde & W0l A Lpd e Jize o S
03 5 3 o3y 13 ol Sl pn Ve sles b p S ks
ol 03 3,8 e oy pe GBI glos 3 O Sl b caslsl
U R e i S P IS RN WS LI D PRI e
i 3 08l plas Al e nl 534S Sl 51 5s S e L
G sl Gl S o) S 5l (g s Bl S 5k«
85 o IS

ary Yool g e lap Oske s gl e

Sask e s ool ladls s lledl

.JJ}J@A)\J)\}@)}SQ})J@L»&.!C)JAA{jJ‘;L;:}L.«

S5 slap s lasie ¥ Jsis

(LK) p g A5 5Las | 100 | VO

YYO | YO+ | YO+ | YOu | YO+ | YO

a;}‘u_'v)'}.w_): Yo Y

Yool ye vyl Yo | yve | f

RN PO Ll e iled ¥ IS

’f'r4j.:a:y[~1;€..';z}‘;wd/.w

e s iy slle wlige i



Y

Ose3 ol S slinal ) omann Lt a3l 51 055 Y3
sl s S el 2250 Jus Zwick LT olSaws Lo
(DK7732ZAC) IS ol ol oo i 0555 3V 55 slag 5o
Sl god 45 Ldd oy IS 4 s 2 2508 g 52
53 e S e S el 3 LB A 5 (gl el

s ol Y mmimin pl Las O gl

$lwd s

DLl gy SaS w3k b 5L (bl (sade (s3luand
S Al plil Y sl ds s b apes S Gl 3 sl
4 &yl G o5 4 56 p 58 CAD Jibs (g5land ool
S rss dbe > Sy bl ads Yo gl 5 VY s
ot g (Bl g e See Yo U ey Sea Pl
JCSUCISt RS VS THPCH A JCH P S
die (7) 0l ol Lo ol Dl o)l 5 s
Dl s oles SialesT olwand s e OLES |y S
S ol 8l ok el (2020 455) (ABAQUS) o S
el ol a4z § SGS Wl gl glgl 5s s e ki 5
b dlesl bl s el 4 5 ol Je slenl S
s dbe s |85 esle SO S, cl el aw
Sl 5d e ho Jolss Ao s b aised Sl 4 Sus
NS R WO RS PR A E S OWESC JE T PR TS o
Sl 5l gleand ool 53 .l ol eslizad ductile damage
(Mass scale) ¢ >~ lie 55, 5 (Explicit solver) ~; .o
el sls J5dss 39 s ol s ool ol oslinad

() US2) il o oo Jo= Sl s Suasd

s 5 I 5550
VIFL 0555 3V 5 glap b o3l G35 Ao 53 5 JSx Olje
03,5 o5 ol 53 Jlasl JL25 Olss 5 050 Sos Ao s oS
ol 5 O35 e 5 3l S el i) 4 ol
ool 4 S s /0 g E3 s L b ol S
Sl s () dsbes 5l Vs gl o JK 2 g ,Sosln |
23,5 ealizee | (Y) dsles 31 il o5l 55 Ao 53 (5,503l
Oles dolr JIo oY) Wales 3 45 ol S5 L5 [29-31]
s Aglem® il s s Oy 0555 Y K5

A a4 S
== M)
Po% = [V = (Z)] x 1+ ™

Ao ,y3 P% gr.>=>-V Tﬁ-m ‘L;&?p céjﬁ QY:L&AJJ
0355 3V 58 & ps 5 o8 w0 J& pF sl 3
el J s O

$oeSle s 2l

Cermen 5 ol s)ge 3s OIS o, e sk 4
OS5 2V glap b s ad ke ol ps Sl ) (ganlllas
V5 lapsp A eslinad ohss S sSeas Se
53 (DK7732ZAC) IS pls oKiws by 1hnl 0585
L R
Slad sad A plnil LT (535 2 (SO sy 5 Sesbon p S
oSz b s AUPA SUT Lo s sy Sl o sy Soe
Sladlae (e 5 LS 8 ti s Sputter Coater SC7620
LEO 1450VP oliws Lowsi sy sl o pSs Sn
G5l pland S5 s Gy onl 2 asdle L3 ol
SV e gladshe o)l o el S5 0SS
SN iy g okt 5 Sl s 5

A eslaza! (EDS)

S L, b5
S a5 SO la S5y s Sl p Gl iasd o
JPERE B Ot S HERE P PRICIN JRPIS JEER
0o b e 3 Jlesl HLEE Olpe (085 5 o3l 555 Ao
Slap b (SOl [, pend ke 4.8 S 15 sl s

slye s S slln pontign 4t

’f'r’4j.>o‘)w4é;:jwcﬂ.w



eIl g ot 57 05T 5Y 55 slap g8 SlSo iy i)

YY

Sosib s Al 5 I sk 53 sl o3l 5 o 55 Ole cnl ol
SR Dy Gl St T e 5 e O 04
Al

ﬁ)m‘l@‘ﬁm)}‘ Lf')) M)b\" 6)L>- 44'}4.3 BE
O G213 L sl e T8 e 4 LS I L il
ol Bl remen 5 1A J glas sbwl s 4 s
@L@ﬁ)w&;uﬁbls‘uoj‘ﬁzjbwcjb
ol (..:L.,.T O S s o G bl a3 e
05 2l et Al s e 5 03,85 Al
b r.:l.«: J:MS J}}’ 4.!).! 44 45 J.\de ‘J.:l. .)QLSJ‘ e)}s C)_}).)
(V) 5 () sla Ko i 8= 35 slasls gad 53 i das o 2l 58
e sk Oler il s 65T el Sppo 4 sle
QJJ'}M)JY" b€)—94¢m‘umo.lﬁiw}b‘5u)bw
wf.n;f 6‘)‘.} JKML:KA YO« b}"‘)" L;LQ&\ )L.:;.é 9 e)}‘
il e JKaLEe VOA

(&)
Jlesl 31 3 () SLid mlesT ol SlacsS o p b wises 0 S
SLad Jlest ol ad e 0 () 5 5L

s3Y g rjéCAD Jde Y’Jﬁ.’z

% xStep; Step-1
Increment  3166388: Step Time =  0.8300

mjslj)b_e\r;:)a LS’)U’:“ °}>L.! ¥ Jg.&

d.:u}@l:o

Sl
Sl 5l oLl sk 4l Ol 5 S &S b Oles
JSCE 55 s s S e g L3 05a3T 51 05355 SV (slap
oz 03,3 0 s W5 o5 sladisas 5515 0o (0)
G S Sl o el dd o3l OLE LI Oges]
Sla S 3 o A5 glap 53 (g SLi3 05a3T Sl etal s
sy sdalie &S b Olaa .ol 0l o3l 0L (V) 5 (5)
S3o » Sl JLd s 5 0yl S55 doss Jele 5o e
5 S Ol S L ks S0 155 00 la s
1 S e 03,55 e s Jlesd L Sl
it gt 33 sl gt s b ek 5 ol el
o ol OLEs mlesT sl el s 0 25— 55 S (sla s ged
35 g0 sl 03,03 Al e 55 Lad il &S Wl e cs @
Sosp pr 4 i Mg Al b s SV ey Sl S
B 35 D3 w3 g 3y Sl 052 (pl 5 s
Ll Aal (5 el sdd A5 pl esle cams o

’f'f¢j.}4‘)[~1;€.&}wd[.w

e s iy slle wlige i



Yy UOK;L« Ao -;(”J JQJJU Aoseo Jla —v.r‘/f’r.a 3 prens

100 120
90
80 100
70
=1 __ 80
[ 60 =
% 20 B3 5 de )3 Be 0,9l (59 ey 2 60
Py
g 40 NEERES SN g .
Z 30 5 40 3923 TVIB 0590 (39 2o
20 I K YA ass jLis
10 20
0 o
9 On 02 03 04 0506 07 08 09 0 01 02 03 04 05 06 07 08 09 1
Strain Strain
120 160
140
100
120
= = 100
& &
2 60 2 30
2 a
o = " o 60
5 40 ICE PRV 7 R PRIV = e PRI Dusal i
- Ul Y- it 40 Uyl YO+ asi ,Li
20
o o
0O 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1
Strain Strain
180
160
140
__ 120
£ 100
2
§ 80
ﬁ 60 SLEE 500,00 Ve 09l (359 o yd
40 Il YO s
20
o
0O 01 02 03 04 05 06 07 08 09 1
Strain
TSNP L;La(ay ol i S= R0 Hlased 5y Gl Sis Aoy s Sl Slis s 3 il f J§.~
180 160
160 140
140 120
120
F 3z 100
100
=3 2 80
@ 80 2
@ @ 60 3 o
5 60 SLES 5 o yd e o gl (339 S0 sd s EEE A RET PIT R
40 JEalylEe Y- s 40 Il 80 TYO adgs L
20 20
o o
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Strain Strain
140 140
120 120
100 100
g 80 g 80
=, =
2 60 2 60
@ e bl ..
S 520 y0 Yo 09l (559 ey s 99u2,0 Y+ 09l (339 oy
@ 40 R @ 40 vz
Jly (80 Yoo gy JLis JIlyl80 1Y D adgs jLis
20 20
o o
0O 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1 11
Strain Strain
140
120
100
=
o 80
=
2 60
(4 .
= 5 0uo30 Te 058l (333 By
@ 40 —
JISaly 8o VD adsr Jlias
20
o

[0} 01 02 03 04 05 06 07 08 09 1 4.4
Strain

SIS slap b (s)Lad A5 S- A lased o ooyl S5 Ao s Jlesl JLad on Al VIS

Sse g sigllio wlige 4y TFer s lod omts s oo Lo



ol s ok A 055 Y sl s SIS 5, L]

Y¥

O 03 sb L oL Sl (551l b 53 L

O b 53 6 el olpen osle DS 3,85 5 L Jlasl
SLadls my 2 Lo g ol sbml J 5 glad e glae )l s
St ooy (g (P 3 5 s A5 e 4 filad el
N el dsb s Gl das 0 7)) (ab e D)o
Sl aS A (6 Sl i S— i Slsses Slaalls Cuwnd J b
s 4 5138103 Ceand Gl 5 1l 53 55 S alie Gl
5 slaals 5 laeys SIS 5 amU ol (6ol geal s T e
Olpe S8l L (S sk &l lad ko o)l 523 i 83
Q) JSK 515 g0 55l pa G| aml ol Jsb 2alS ( Joisc
Sasl 5L 4 b5 Ko 4l ol Jsb o5 das o OLE
Db Sl 5yl 03855 V5 e Mg Al b s
35 e T Ldsed 4 by e (4) S bl pad Gollas
Skl LSl SIS TOr sl L 5 o

sl callas

- ¥o
B 2

¥
5
4 e
3
R
S

N0

O}

VF- \$- e Yoo YY-. Y¥- Y5
(L) pgd sadys Lad
()
¥
A ¥\
YA

$ 4l S
“ 5 =
‘(\
2
/

(JSubKe) ¥l Jgo
“+ ©
=
N
3

N \
-\
)
0
iz vy v vs YA ¥
DYREITEETS
()

S35 Ao T Ll slae s sl 5O 4 b (L) 4 IS
6Lhr)£ 6'1.1 ):5))\; 4.;9-1; J}]& (u)} Cilises JL@&‘ dL&JL&J} A)}.
JSLEl Y0 lasl Lt il o5l sladnys b s 5

= I
(Ol gs L o) Saudly JKo i oKn o Sl iS5
ot S IRl b 2wl (e 558 oK 4ol

O30 3l sdalmsa a5 S= 25 gl sowie 3 eslizal L
dsde) SLiS oo i leld (SO (Shs e ol
Strain ) .5 %S (Plateau) 555 axU Jsb (azmzal
@lapss L3 (Strain hardening) . %S 5 (softening
ot Jslan 83l 3 LS g el sl 55
o b Sl 35 5= 55 lases 3 Saw¥l asb s b
S0l b SaeWh aagdoe 3 bt ol g Jluis
RN GUWEIS ) B E SEN PR PRI g S
sal s @l 3 e dlome I 5= 55 ok (555
JSE sl Gille Shassy cal 5 5 slae s Sl
sdalie (A) K3 glaslssal 55 &S 55b Olea .l (W)
Ly IS PAY L iy LS 0 o it 0 5
JELK YO Jlasl JLis 50,50 S35 do)s Yo Lpsh o
Olgpe 28 L SleiS o b 2l W,y o IS 55b 4 .ol
Aas o 0L o sSnn ey Jlasl LS (il 5 s

(YLK an¥l Jous
-
[>2

V- V5 VA- v Yv- Ye- Y5
(JEabRe) pob sudss L
(4

FAN

foA
YEA

Y. YY vf id YA R
TSRS
(&)
33 e Yo bl slapss sl GledS s (D A S
Slap g sl Slls o o (0) 5 cilee Jlasl sl Lid o o
JLLE YO Jlesl jlas cod 5 080,58 o3l Slis b sl 5

VFF o Slot iz s o o

Ay s sl in



YO

Y§
Yo Yy vy Yy

(JSlS) i 55
&

VE-. \5- YA Yeo YY- Y¥- Y&

(UISablSe) 35 sudss i

()

(LK) o5 25,5

v vy ve v A '
0x9l (39 ey
(o)
S35 ke T Ll sbae s sl o 1S (D) VY S
lapss sl e (25 () 5 il Jlasl slajlis co 5ol
AL YO Jlesl jlad ot 5oyl caloses S35 Aoy b sl 5

SEM) 55 55 @Ky S

Cobae ) edal s 4y gy S S S Sn sl
Yo sl SLES 5 s Ao Yo epsl ke b 4ses
5ok Gl JelS b a4 oyl &S das e Ol JISLLK
b 51 () K)ol ol ol 53,8 SlS slad sk
ol 08 ool oyt 0 0ol Slyd STy 48 ol s
b Jolssi s eopl posdle ot faze SGusG a4 adshe
ol b Vg ap Db G 5o S5 ,See sl s
i Ulie 3 S 3 2 Bole a5 s e edalia

e 5

JSLLK Yor Jlest jLid 5,5l S5

Syt sl Sy KA s Ll SRS
Gl o3 ek A5 Glap b e NS 5 e NS Dl e
3ol s g 5555 sl Sl aslind U ey
SO 5 (00 e I glals gas LB 5 5 5las b
53 i ealie Ol Sl eslial b e (5SSl ek
e Sl b RS 5 2l A a5 5B 4l sl
AT s a5 4l il 5 s i s i pslie
o5 48 il Dl e ekl s 4 b ot 5 a3 |
Slesl JLid 5 S35 dooa YY/O o5l Hldie b 05855 5V 5
23 e S 5 5 GBS el sl IS VD
05 sn eomad ool sy 3530 Sai 500 pla b anylie
RS & (e (RS 5 GRS (Sl o535 el
2SS b e bl s BB ess g aul 3 s e
L) eosl oy dons Sl L oaddlas 5,50 Joudsd o5 gdoms
ORS 5 RS O s hles (opsl Sos dens falS
GRS S 5 e GRS i eS e S e

el o3l s Aoss ¥ L dsal 4 Lgype oS 0

VY

Y

AR

(JEllSe) (oo 5

“ 6 o > -

¥ \#- YA Yioie YY- Y¥- Y§ .
(JSbiSe) 58 sy jLes
(<l

Y. VA

(Sl oy 55
&

DTSR
)
o3l S5 Ao Yo b sy lap b 6l o G5 (D) Ve IS
S5 slapst Gl s S () 5 il Jlesl glajlid e
JELLK Yor sl jlis o 5 &oslite oyl 3y Lops b

e s sl ke 4

lf'r“j;@[«..:@;:jwcju



eIl g ot 57 05T 5Y 55 slap g8 SlSo iy i)

Y&

5, Nses
Aoy 75W)

WM)DQMJBQ\JJJJJJAJ‘&ZJJULALM \OJQJJ

s34 $5luand

bl ke i b (glosed SO kb, (giluans
e Il S el add A1 Sl el (63Y 5 slap
oS g Goy 2 Vsl o s g gba bl
() sla IS5 [32] dixen Jg0 0 (giluancd (golas (5 S
B ol 5l ol 25 555 5 JS i 023 (V)
S IOHR PN RUINCN. I CTNPRCIR S 35 Y L -2 RV e
£ 303 (53123 (OIS Sl el oz 4y ol sl b s n
S Ol o e (3l Ja 5 (0) JS2) AT
et LB Gl 5 e 93 p e el
o Gl (1555 (00) JSE 53 s e 55 RSy
Dasl Gillas ol sl osly il S gart aba>) s
Sl o drm s oy by BT Clas e 5l S
SET jams 5 Gl Olam 5 CnSs dasd 53 ol sl
338 o Jame dde ()l e 4 5 L Oloses 5 350 0
ol edalin BB bl s 5 le e S5 ,55 men
503l Sibeand Sl Jole (RS- e ((17) S
i 53 S ot ey (sl s e ialal 1 LS
A S Sl s s sl db p e S dsb
B e 4 g3 e 30 oo Colae 4 gl Sl
G 3 o lr 53508 (1S sl slie 5 5w Besd
S ek gl (35= 5 a3 pd sl 0T Bl
A @ o Jsd LB Gl oS e e 0L LI e
bs e ol slE 5505 55 (iluand s 5 ((F) J)
S Jeol e > e da Sl e A5 A Sl
Ol o 15 0 s a8 sl o o i L e )3 (g3loacs
Sl 53 OF sy 5,3 5 ankad IS 55 S 5 G ol A5
Sy s Sl Ol Shaol 555 Cle 4 (ol
oo bl s 555 5 Rl L e GASS L Wl
Ol i S oSl s o Silesl Sl edel s @
L ilaand GO s ol e BLET e e s 4
Sy S s s Al adl ol anlpe 558 i
3 =S st dlesl lylpd s ooV glap b SSSG
5 ol olid sl i Lyl s Lol Sl b ogline 4y
sy el DS 0 58 S 5 c S oSG ¢

[33,34]

’f'r4jda:yw;€..';zjw<jl.w

se s s iylls pobige 4l



Yv

u//YLiYL\A/ Ao —g(:i u[gﬂb MJLG —‘;/jw 3 gras

o)5) Sl 4 a ol 4S) oyl Sis Aon (S 55b 4 O
Ll aSK b et o alaly 55 adke Job 5 (G
ailie Job 5 o)ls 2y —dalS Ly, (s ol 5o s
Mg anlp b s Jlasl i 4 ool (S 550
Re
P o> el St e S e RS W, P
534S Gl b 53l i als 3L5 A T B
Ao 3 Gl b candllas 5550 051 555 Slado 55 63 g
3r RS a hled g JS IR Olne 5 sl S3s
3 P S S L e SRl e S
sl Sisde Y Lasabye o) S S
sl
oo S3ledte bis3V 5 5 5L tlesl L sl gl Y
3 ol Sl ga b gdons QLI Sy, SWS 4l i

A gl S S= RS e

4l o5l
055 Y gb g gb Stainless steel foam
Jedss Porosity
sle Lad Space holder
oyl olyd Urea particles
05 eSS Preheat oven
e S A Explicit solve
e ool Mass scale
55O 4L Plateau
PP U S Strain softening
S e S Strain hardening
S g pS

70
60
50
40

30

Stress (MPa)

20

10

0 0.1 0.2 0.3 0.4
Strain

o (il Jdo 3 1 ST sl NP IS

(S S 4o

G YL 0505 oV e M rasn cal s

oo aooysl el el Loy s hsske

03l $35 Mes3) Mg Jelge S5 b S g el s

s SHF sl S sl Sy (Jlsl Sl

Alodld T b 25 00 ol bt 5 285l asdllas

)Y}éf}é.&.‘jjLg\ﬂ%ajj\@jjmjéjk)laq&\)ué.\
Gl o3 T 5 JKLLKL YO L5 5w TVPL 055
sl pmial 5 e oSl i Sl Sl
A Sl JKLLKe VOA 510 sl 5w

FVPL 05555V b p b o gr s (51 clio O3 5 Les Y
ol Sl e w5l Kl a3 VYo

ey 0355 Al e 3 Jlesl JLas 5oyl Sis o m s Y
MIPL 0505 Y5 o (SOa Jkdy 5o se Jolss
3 (sl G55 dmos Jals) Jodss falb L 5
b 3ot oSl ol L3 21530

by IS G PAY Ll SLiS 5 i ¥
L8 YO Jlesl [Lis 50,50 S35 doyn Yo L g sb
SalS L LS s Sl Wy (IS b 4 o
15 S alasly Jlasl SLES 5530 5 eyl S5 Aoy

e

[1] A.C. Kaya, P. Zaslansky, M. Ipekoglu and C. Fleck, "Strain hardening reduces energy absorption efficiency of

austenitic stainless steel foams while porosity does not", Material and Design, vol. 143, pp. 297-308, (2018).

https://doi.org/10.1016/j.matdes.2018.02.009

o 5 Sisllie ndign 20

’f"‘4j}o‘)[«nﬁ4@ij/.w


https://www.sciencedirect.com/science/article/pii/S026412751830087X
https://www.sciencedirect.com/science/article/pii/S026412751830087X

ol s ok A 055 Y sl s SIS 5, L] YA

[2] I. Mutlu, E. Oktay, "Influence of fluoride content of artificial saliva on metal release from 17-4 PH stainless steel
foam for dental implant applications, Journal of Materials Science & Technology, vol. 29, pp. 582-588, (2013).
https://doi.org/10.1016/j.jmst.2013.03.006

[3] C. Mapelli, D. Mombelli, A. Gruttadauria, S. Barella and E.M. Castrodeza, "Performance of stainless steel foams
produced by infiltration casting techniques", Journal of Materials Processing Technology, vol. 213, pp. 1846-1854,
(2013). https://doi.org/10.1016/j.jmatprotec.2013.05.010

[4] X. Jian, C. Hao, Q. Guibao, Y. Yang and L. Xuewei, "Investigation on relationship between porosity and spacer
content of titanium foams", Materials & Design, Vol. 88, pp. 132-137, (2015).
https://doi.org/10.1016/j.matdes.2015.08.125

[5] S-f Fan, T. Zhang, K. Yu, H-j Fang, H-q Xiong, Y-l Dali, et al., "Compressive properties and energy absorption
characteristics of open-cell nickel foams", Transactions of Nonferrous Metals Society of China, vol. pp. 27, 117-
124, (2017). https://doi.org/10.1016/51003-6326(17)60013-X

[6] N. Kurgan, "Effects of sintering atmosphere on microstructure and mechanical property of sintered powder metallurgy
316L stainless steel", Materials & Design, vol. 52, pp. 995-998, (2013).
https://doi.org/10.1016/j.matdes.2013.06.035

[7]1 X.-Y. Zhou, J. Li, B. Long, D.-W. Huo, "The oxidation resistance performance of stainless steel foam with 3D open-
celled network structure at high temperature", Materials Science and Engineering: A, vol. 435-436, pp. 4045,
(2006). https://doi.org/10.1016/j.msea.2006.07.145

[8] H. Wang, X.Y. Zhou and B. Long, "Fabrication of stainless steel foams using polymeric sponge impregnation
technology", Advanced Materials Research ,Vol. 1035, pp. 219-224, (2014).
https://doi.org/10.4028/www.scientific.net/ AMR.1035.219

[9] N.1. Mad Rosip, S. Ahmad, K.R. Jamaludin and F. Mat Noor, "Morphological analysis of SS316L foam produced by
using slurry method", Advanced Materials Research, vol. 1087, pp. 68-72, (2015).
https://doi.org/10.4028/www.scientific.net/ AMR.1087.68

[10] C. Yan, L. Hao, A. Hussein, P. Young and D. Raymont, "Advanced lightweight 316L stainless steel cellular lattice
structures fabricated via selective laser melting", Materials & Design, vol. 55, pp. 533-541, (2014).
https://doi.org/10.1016/j.matdes.2013.10.027

[11] K. Essa, P. Jamshidi, J. Zou, M.M. Attallah, H. Hassanin, "Porosity control in 316L stainless steel using cold and
hot isostatic pressing", Materials & Design, vol. 138, pp. 21-29, (2018).
https://doi.org/10.1016/j.matdes.2017.10.025

[12] D.P. Mondal, H. Jain, S. Das and A.K. Jha, "Stainless steel foams made through powder metallurgy route using
NH4HCO3 as space holder", Materials & Design, vol. 88, pp. 430-437, (2015).

https://doi.org/10.1016/j.matdes.2015.09.020

[13] A. Mansourighasri, N. Muhamad and A.B. Sulong, "Processing titanium foams using tapioca starch as a space
holder, J. Mater. Process", Journal of Materials Processing Technology, vol. 212, pp. 83-89, (2012).
https://doi.org/10.1016/j.jmatprotec.2011.08.008

’f'r'4j.}o:yw4€.%jwdﬂw )/J‘AJJJJJJZZAWVL.&A%F


https://www.sciencedirect.com/science/article/pii/S1005030213000595
https://www.sciencedirect.com/science/article/pii/S1005030213000595
https://www.sciencedirect.com/science/article/pii/S0924013613001660
https://www.sciencedirect.com/science/article/pii/S0924013613001660
https://www.sciencedirect.com/science/article/pii/S0924013613001660
https://www.sciencedirect.com/science/article/pii/S0264127515303749
https://www.sciencedirect.com/science/article/pii/S0264127515303749
https://www.sciencedirect.com/science/article/pii/S100363261760013X
https://www.sciencedirect.com/science/article/pii/S100363261760013X
https://www.sciencedirect.com/science/article/pii/S100363261760013X
https://www.sciencedirect.com/science/article/pii/S0261306913005694
https://www.sciencedirect.com/science/article/pii/S0261306913005694
file:///C:/Users/hoshmand/Downloads/X.-Y.%20Zhou,%20J.%20Li,%20B.%20Long,%20D.-W.%20Huo,%20%22The%20oxidation%20resistance%20performance%20of%20stainless%20steel%20foam%20with%203D%20open-celled%20network%20structure%20at%20high%20temperature%22,%20Materials%20Science%20and%20Engineering:%20A,%20vol.%20435–436,%20pp.%2040–45,%20(2006)
file:///C:/Users/hoshmand/Downloads/X.-Y.%20Zhou,%20J.%20Li,%20B.%20Long,%20D.-W.%20Huo,%20%22The%20oxidation%20resistance%20performance%20of%20stainless%20steel%20foam%20with%203D%20open-celled%20network%20structure%20at%20high%20temperature%22,%20Materials%20Science%20and%20Engineering:%20A,%20vol.%20435–436,%20pp.%2040–45,%20(2006)
file:///C:/Users/hoshmand/Downloads/X.-Y.%20Zhou,%20J.%20Li,%20B.%20Long,%20D.-W.%20Huo,%20%22The%20oxidation%20resistance%20performance%20of%20stainless%20steel%20foam%20with%203D%20open-celled%20network%20structure%20at%20high%20temperature%22,%20Materials%20Science%20and%20Engineering:%20A,%20vol.%20435–436,%20pp.%2040–45,%20(2006)
https://www.scientific.net/AMR.1035.219
https://www.scientific.net/AMR.1035.219
https://www.scientific.net/AMR.1087.68
https://www.scientific.net/AMR.1087.68
https://www.sciencedirect.com/science/article/pii/S0261306913009540
https://www.sciencedirect.com/science/article/pii/S0261306913009540
https://www.sciencedirect.com/science/article/pii/S0261306913009540
https://www.sciencedirect.com/science/article/abs/pii/S0264127517309450
https://www.sciencedirect.com/science/article/abs/pii/S0264127517309450
https://www.sciencedirect.com/science/article/pii/S0264127515304305
https://www.sciencedirect.com/science/article/pii/S0264127515304305
https://www.sciencedirect.com/science/article/abs/pii/S0924013611002342
https://www.sciencedirect.com/science/article/abs/pii/S0924013611002342

[14] J. Jakubowicz, G. Adamek, K. Patka and D. Andrzejewski, "Micro-CT analysis and mechanical properties of Ti
spherical and polyhedral void composites made with saccharose as a space holder material", Materials
Characterization, vol. 100, 13-20, (2015). https://doi.org/10.1016/j.matchar.2014.12.006

[15] T. Aydogmus, E.T. Bor and S. Bor, "Phase transformation behavior of porous TiNi alloys produced by powder
metallurgy using magnesium as a space holder", Metallurgical and Materials Transactions A, Vol. 42, 2547-2555,
(2011). https://doi.org/10.1007/s11661-011-0714-z

[16] S.F. Aida, M.N. Hijrah, A.H. Amirah, H. Zuhailawati and A.S. Anasyida, "Effect of NaCl as a space holder in
producing open cell A356 aluminum foam by gravity die casting process", Procedia Chemistry, vol. 19, pp. 234—
240, (2016). https://doi.org/10.1016/j.proche.2016.03.099

[17] H. Bafti, A. Habibolahzadeh, "Compressive properties of aluminum foam produced by powder-Carbamide spacer
route", Materials & Design, vol. 52, pp. 404-411, (2013). https://doi.org/10.1016/j.matdes.2013.05.043

[18] F. Mat Noor, M.I1.M. Zain, K.R. Jamaludin, R. Hussin, Z. Kamdi, A. Ismail, et al., "Potassium bromide as space
holder for titanium foam preparation”, Applied Mechanics and Materials, VVol. 465-466, pp. 922-926, (2014).

[19] M.F. Mahammad Rafter, S. Ahmad R. Ibrahim, "The effect of different composition of stainless steel (SS316L)
foam via space holder method", Advanced Materials Research, vol. 1133, pp. 310-313, (2016).
https://doi.org/10.4028/www.scientific.net/ AMR.1133.310

[20] Z. Abdullah, S. Ahmad and M. Ramli, "The impact of composition and sintering temperature for stainless steel
foams (SS316L) fabricated by space holder method with urea as space holder", Materials Science Forum, vol. 888,
pp. 413417, (2017)._https://doi.org/10.4028/www.scientific.net/MSF.888.413

[21] N. Bekoz, E. Oktay, "Effects of carbamide shape and content on processing and properties of steel foams", Journal
of Materials Processing Technology. Vol. 212, pp. 2109-2116, (2012).
https://doi.org/10.1016/j.jmatprotec.2012.05.015

[22] M. Mirzaei, M.H. Paydar, "A novel process for manufacturing porous 316L stainless steel with uniform pore
distribution", Materials & Design, vol.121, pp. 442-449, (2017)._https://doi.org/10.1016/j.matdes.2017.02.069

[23] H.O. Gulsoy, R.M. German, "Sintered foams from precipitation hardened stainless steel powder", Powder
Metallurgy, vol. 51, pp. 350-353, (2008)._https://doi.org/10.1179/174329008X286703

[24] 1. Mutlu, E. Oktay, "Characterization of 17-4 PH stainless steel foam for biomedical applications in simulated body
fluid and artificial saliva environments", Materials Science and Engineering: C, vol. 33, pp.1125-1131, (2013).
https://doi.org/10.1016/j.msec.2012.12.004

[25] H. Sazegaran, M. Fazeli, M. Ganjeh and H. Nasiri, "Effect of Molybdenum Addition on Microstructural and
Mechanical Characterization of Highly Porous Steels", Metals and Materials International, vol. 27, pp. 5228-5238
(2020).

[26] H. Sazegaran, S. M. Moosavi Nejad, "Cell Morphology, Porosity, Microstructure, and Mechanical Properties of
Porous Fe-C-P Alloys", International Journal of Minerals, Metallurgy and Materials, vol. 28, pp. 257-265 (2021).
https://doi.org/10.1007/s12613-020-1995-2

Spo s iy sllin pokige & PFeF s Slo iz s oo S


https://www.sciencedirect.com/science/article/pii/S1044580314003842
https://www.sciencedirect.com/science/article/pii/S1044580314003842
https://www.sciencedirect.com/science/article/pii/S1044580314003842
https://link.springer.com/article/10.1007/s11661-011-0714-z
https://link.springer.com/article/10.1007/s11661-011-0714-z
https://link.springer.com/article/10.1007/s11661-011-0714-z
https://www.sciencedirect.com/science/article/pii/S1876619616001455
https://www.sciencedirect.com/science/article/pii/S1876619616001455
https://www.sciencedirect.com/science/article/pii/S1876619616001455
https://www.sciencedirect.com/science/article/pii/S0261306913004743
https://www.sciencedirect.com/science/article/pii/S0261306913004743
https://www.scientific.net/AMM.465-466.922
https://www.scientific.net/AMM.465-466.922
https://www.scientific.net/AMR.1133.310
https://www.scientific.net/AMR.1133.310
https://www.scientific.net/MSF.888.413
https://www.scientific.net/MSF.888.413
https://www.scientific.net/MSF.888.413
https://doi.org/10.4028/www.scientific.net/MSF.888.413
https://www.sciencedirect.com/science/article/abs/pii/S0924013612001707
https://www.sciencedirect.com/science/article/abs/pii/S0924013612001707
https://www.sciencedirect.com/science/article/abs/pii/S0264127517302046
https://www.sciencedirect.com/science/article/abs/pii/S0264127517302046
https://journals.sagepub.com/doi/abs/10.1179/174329008X286703
https://journals.sagepub.com/doi/abs/10.1179/174329008X286703
file:///C:/Users/hoshmand/Downloads/I.%20Mutlu,%20E.%20Oktay,%20%22Characterization%20of%2017-4%20PH%20stainless%20steel%20foam%20for%20biomedical%20applications%20in%20simulated%20body%20fluid%20and%20artificial%20saliva%20environments%22,%20Materials%20Science%20and%20Engineering:%20C,%20vol.%2033,%20pp.1125–1131,%20(2013)
file:///C:/Users/hoshmand/Downloads/I.%20Mutlu,%20E.%20Oktay,%20%22Characterization%20of%2017-4%20PH%20stainless%20steel%20foam%20for%20biomedical%20applications%20in%20simulated%20body%20fluid%20and%20artificial%20saliva%20environments%22,%20Materials%20Science%20and%20Engineering:%20C,%20vol.%2033,%20pp.1125–1131,%20(2013)
https://link.springer.com/journal/12540
https://link.springer.com/journal/12540
https://link.springer.com/journal/12540
https://link.springer.com/article/10.1007/s12613-020-1995-2
https://link.springer.com/article/10.1007/s12613-020-1995-2

ol s ok A 055 Y sl s SIS 5, L] Y

[27] O. Smorygo, A. Marukovich, V. Mikutski, A.A. Gokhale, G.J. Reddy and J.V. Kumar, "High-porosity titanium
foams by powder coated space holder compaction method", Mater. Lett. , Vol.83, pp.17-19, (2012).
https://doi.org/10.1016/j.matlet.2012.05.082

[28] G.K.G. Shailendra Joshi, Mohit Sharma, Telang Amit, Taru Mabhra, "Synthesis & characterization of stainless steel
foam via powder metallurgy taking acicular urea as space holder", Material Science Research India 12, 43-49,
(2015). http://dx.doi.org/10.13005/msri/120108

[29] H. Sazegaran, M. Hojati, "Effects of Copper Content on Microstructure and Mechanical Properties of Open Cell
Steel Foams", International Journal of Minerals, Metallurgy and Materials , vol. 26, pp. 588-594 (2019).
https://doi.org/10.1007/s12613-019-1767-z

[30] H. Sazegaran, A. Feizi and M. Hijati, "Effect of Cr Contents on the Porosity Percentage, Microstructure, and
Mechanical Properties of Steel Foams Manufactured by Powder Metallurgy", Transactions of the Indian Institute of
Metals, vol. 72, pp. 2819-2826 (2019). https://doi.org/10.1007/s12666-019-01758-1

[31] H. Sazegaran, "Investigation on Production Parameters of Steel Foam Manufactured Through Powder Metallurgical
Space Holder Technique”, Metals and Materials International, vol. 27, pp. 3371-3384, (2021).
https://doi.org/10.1007/s12540-020-00659-z

[32] Hamid Sagsagaran, Ali Mohammad Naserian Nik, Mohammad Reza Akbari, Ali Akbari Nejad Voor, "Evaluation
of compressive behavior of steel foams produced by powder metallurgy method”, Journal of Metallurgical and
Materials Engineering, Vol. 32, Number 1, pp.45-56 ( 2019). (In Persian).
https://doi.org/10.22067/jmme.2024.83785.1120

[33] T. Kalpakoglou, S. Yiatros, "Metal foams: A review for mechanical properties under tensile and shear stress",
Frontiers in Materials, vol. 9, pp. 1-18 (2022). https://doi.org/10.3389/fmats.2022.998673

[34] M. Su, Q. Zhou, H. Wang, "Mechanical properties and constitutive models of foamed steels under monotonic and
cyclic loading™, Construction and Building Materials, vol. 231, pp. 116959 (2020).
https://doi.org/10.1016/j.conbuildmat.2019.116959

’f'r'4j.}o:yw4€.%jwdﬂw )/J‘AJJJJJJZZAWVL.&A%F


https://www.sciencedirect.com/science/article/pii/S0167577X12007604
https://www.sciencedirect.com/science/article/pii/S0167577X12007604
http://www.materialsciencejournal.org/vol12no1/synthesis-and-characterization-of-stainless-steel-foam-via-powder-metallurgy-taking-acicular-urea-as-space-holder/
http://www.materialsciencejournal.org/vol12no1/synthesis-and-characterization-of-stainless-steel-foam-via-powder-metallurgy-taking-acicular-urea-as-space-holder/
http://www.materialsciencejournal.org/vol12no1/synthesis-and-characterization-of-stainless-steel-foam-via-powder-metallurgy-taking-acicular-urea-as-space-holder/
https://link.springer.com/article/10.1007/s12613-019-1767-z
https://link.springer.com/article/10.1007/s12613-019-1767-z
https://doi.org/10.1007/s12613-019-1767-z
https://link.springer.com/article/10.1007/s12666-019-01758-1
https://link.springer.com/article/10.1007/s12666-019-01758-1
https://link.springer.com/article/10.1007/s12666-019-01758-1
https://link.springer.com/article/10.1007/s12540-020-00659-z
https://link.springer.com/article/10.1007/s12540-020-00659-z
https://jmme.um.ac.ir/article_44955.html
https://jmme.um.ac.ir/article_44955.html
https://jmme.um.ac.ir/article_44955.html
https://www.frontiersin.org/articles/10.3389/fmats.2022.998673/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.998673/full
https://www.sciencedirect.com/science/article/abs/pii/S0950061819324018
https://www.sciencedirect.com/science/article/abs/pii/S0950061819324018

Journal of Metallurgical and Materials Engineering, 35, 2. 2024. (31-50)

| )
Hinds

Ferdowsi University
of Mashhad

Journal of Metallurgical and Materials
Engineering

https://jmme.um.ac.ir

Ilé

Iron&Steel
Society of Iran

Effects of Al203 Nano-Particles on Mechanical Properties of Lead Foams*

Research Article

Hamid Sazegaran'", Hadi Nasiri?
DOI: 10.22067/jmme.2024.85145.1128

1. Introduction

Metal foams or cellular metals are a class of emerging
engineering materials that, due to their unique chemical,
physical, and mechanical properties, can potentially
replace many engineering materials in industries that
require lightweight materials. This class of materials can
be successfully used in many structural and non-structural
applications such as filters, shock absorbers, thermal and
sound insulation, lightweight walls, heat exchangers,
energy absorbers, flame arresters, electromagnetic shields
and light structures.

Most metals and alloys can potentially be used to
produce metal foams or porous structures. As we know,
steels are a widely used category of engineering alloys,
which, due to having special physical and mechanical
properties such as high hardness and strength, high
elongation percentage, good durability and creep
resistance, high malleability, excellent wear resistance,
hard capability, relatively good weldability and
machinability, and good corrosion behavior in most
working environments can be successfully used in the
construction and production of steel foams.

In this research, the main goal is to produce lead foams
by powder metallurgy method and using urea grains as
spacers. In addition, the effect of adding alumina
nanoparticles (0, 0.1, 0.2, 0.4 and 0.8% wt.) on the
porosity, cell wall microstructure and compressive
behavior of lead foams has been studied.

2. Materials and Method

As can be seen, lead particles have irregular shapes and no
corners, while alumina nanoparticles have almost
spherical shapes. Of course, the largest amount of lead
particles is around 62 micrometers and the largest amount
of alumina nanoparticles is around 57 nm. In addition, urea
grains with the chemical formula CH4N.O, which are
white in color and have a granular or ball-like physical
form and have a very high solubility in distilled water,
were used as spacers. Urea beads were obtained from
Merck and they have a diameter of 1.5 to 2 mm, which are
depicted in Figure 1.

Fig 1- Urea granule.

The process of squeezing coated urea grains was done
by a steel mold and with the help of a hydraulic press. The
material of the mold used was L316 austenitic stainless
steel, and the tool used was selected from high-speed steel.
The mold used has a cylindrical cavity with a height of 300
mm and an inner diameter of 12 mm. It should be kept in
mind that shaft also has an external diameter of 12 mm and
a length of 400 mm. The used hydraulic press has a
capacity of 40 tons and is equipped with a pressure gauge.
At this stage, the coated urea grains are poured into the
cavity of the steel mold and the pressing process was
carried out with a pressure of 180 MPa.

3. Results and Discussion

The rate of urea removal according to the number of
immersion steps is depicted in Figure 2. According to the
figure, with the increase of immersion frequency, the
dissolution rate of urea grains in distilled water increases.
In addition, it can be seen that the addition of alumina
nanoparticles to the foam samples does not have much
effect on the rate of dissolution of urea grains. It is
interesting to note that the dissolution slope of urea grains
in the first stage of immersion is much higher than in other
stages.

* Manuscript received: November 1, 2023, Revised, December 30, 2023, Accepted, March 16, 2024 .
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Fig 2- The dissolution rate of urea grains according to the
number of immersion times for production samples with
different amounts of alumina nanoparticles.

The porosity of lead foams containing different
amounts of alumina nanoparticles is shown in Figure 3.
According to the figure, with the increase in the amount of
alumina nanoparticles to the wall of lead foams, the
porosity increases. In other words, adding alumina
nanoparticles reduces the density of lead foams. Of course,
it should be noted that the average porosity in all studied
samples is 81.25% and the difference in porosity between
the sample without alumina and the sample containing
0.8% by weight of alumina is approximately 3%, which is
a relatively small difference.
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Fig 3- The amount of porosity in terms of weight percentage
of alumina added to lead foams.

In addition to the amount of porosity, the
microstructure of the cell walls in metal foams will also
strongly influence their mechanical behavior. In Figure 4,
the light microscope and scanning electron microscope
images of the cell wall microstructure in the manufactured
foams are shown. During the sintering process, the
phenomenon of atomic penetration occurs at the
boundaries of lead powder particles, as a result, the
particles are connected to each other. In the pressing stage,
the powder particles are mechanically connected to each
other, but many holes remain between them.

Fig 4- Images a) Light microscope of cell wall
microstructure in lead foam without alumina, b) Scanning
electron microscope of lead foam containing 0.1% wt. of
alumina and c) Scanning electron microscope of lead foam
containing 0.3% wt. of alumina.

4- Conclusion

1 -The dissolution of urea grains was done in distilled
water during seven stages and more than 80% of urea
by weight was removed.

2 -During the sintering process, the lead grains were well
connected to each other and the cell walls were formed
with an average thickness of about 189 pum.

3 -The addition of alumina nanoparticles has increased the
porosity of lead foams by about 3.75%.

4 -The cells formed in lead foams have spherical shapes
and alumina nanoparticles are uniformly distributed in
the walls of the cells.
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Effects of Al,O3; Nano-Particles on Mechanical Properties of Lead Foams
Hamid Sazegaran Hadi Nasiri

Abstract Metallic foams are a new class of engineering materials using in many industrial applications due to their
unique properties. In this work, lead foams containing alumina nano-particles (contains from 0, 0.1, 0.2, 0.4 and 0.8 wt.
%) are manufactured through powder metallurgy technique using urea granules as leachable space holders. The
leaching behavior of urea granules, porosity contents and compression properties of lead foams and also,
microstructure of cell walls by optical and field emission scanning electronic microscopes are investigated. The results
show about 80% of urea granules dissolved in seven stages of leaching processes. The optical images proved a good
agglomeration of lead powder particles. By increasing the nano-alumina particles, the porosity content of
manufactured foams that is in the range of 80-83% is increased. The images of FESEM and X-ray spectroscopic maps
show the uniform distribution of alumina nano-particles in the cell walls. The compression properties of manufactured
foams, by increasing the alumina nano-particles to 0.1 wt.% first decreases, then after 0.4 wt.% enhanced, and finally
in the 0.8 wt.% of nano-particles goes down again.

Keywords Lead foam, Al,O3 nano-particles, Porosity, Microstructure, Compressional properties.
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1. Introduction

Polylactic acid (PLA) polymer has disadvantages such as
hydrophobicity, high permeability, sensitivity to
temperature, low thermal stability, and high fragility,
which needs to be improved. Magnesium bio-ceramic is a
suitable candidate to improve the mechanical, biological
performance, and antibacterial properties of PLA. In this
research, the PLA/MgAI,Q, scaffolds were fabricated via
the methods of 3D printing and casting, and their
properties were studied.

2- Materials and Methods

In this research, combustion synthesis was used for
MgAI,O, bio-ceramic processing. Magnesium and
aluminum nitrates were dissolved in distilled water, and
then urea was added to the jelly mixture and the stirring
process was performed. The combustion process was
carried out for 15 minutes at a temperature of 500 °C and
the calcination process was carried out for 2 hours at a
temperature of 800 °C to obtain a completely crystallized
structure.

Also, the PLA/MgAI,O4 scaffold was produced by
printing for this purpose after dissolving PLA in
chloroform solvent, magnesium spinel aluminate (6 wt. %)
was added to it and after stirring, the resulting solution was
heated at 70°C.

PLA/MgAIl,Os composite was also processed by
slurry method with salt washing technique. In this method,
a solution of polylactic acid and chloroform (with salt) was
molded and placed in an oven with a temperature of 60 °C.
Then the obtained composite was placed in distilled water
for 5 days to remove the salt from the samples.

3. Results and Discussion

Figure 1 (a) shows the X-ray diffraction pattern of
magnesium aluminate nanoparticles after the calcination
process at 800°C. The broad existing peaks indicate the
very small size of the spinel particles synthesized by the
combustion synthesis method. Figure 1(b) is the X-ray
diffraction pattern of pure polylactic acid scaffold. There
is a broad peak in the range of 10 to 25 degrees, which
indicates the amorphous structure of the polymer. Figures

1(c) and 1(d) are related to the composite scaffolds
produced by FDM and casting methods, respectively,
which can be seen that in general, with the presence of
spinel, the desired materials have more crystalline
behavior, while using the FDM method, the samples show
more crystalline behavior.
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Figure 1- XRD of a) MgAl204, b) pure PLA produced by
FDM method, c) PLA/MgAI204 produced by FDM method
and d) PLA/MgAIl204 produced by slurry method.

Figure 2- FE-SEM images of a) MgAIl204 b) PLA/ MgAI204
produced by slurry method c) PLA/MgAI204 produced by
FDM method.

Spinel particles synthesized by combustion method in
Figure 2 (a) shows that the size of the particles is between
27 and 40 nm. Also, the results in Figure 2 (b) and 2 (c)
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showed that MgAl,O4 nanoparticles are well trapped in the
polymer matrix.

After immersing the prepared samples in SBF
solution, samples were taken from the mentioned
solution in the second and fourth weeks and ICP
analysis was taken from the samples. The results
showed that the amount of calcium and phosphorus
in scaffolds without nanoparticles decreased in the
fourth week and the highest amount of calcium and
phosphorus was produced in scaffolds containing
spinel. Also, in the samples produced by the slurry
method, a decrease in calcium and phosphorus is
observed in the fourth week. This indicates that
magnesium aluminate spinel nanoparticles caused
faster degradation of composite samples in SBF
solution.

Figure 3 shows the FTIR spectra of MgAl,O4
sample, pure PLA and PLA\MgAI,O4 produced by
slurry and 3D printing methods. The presence of
strong peaks in the regions of 500-700 cm™ confirm
the formation of MgAI.O4 crystals. Also, the
obtained data in this research confirms the existence
of C=0 and C-O-C bonds that exist in polylactic acid
polymer.

Transmittance (%)

(a)

0O-H
> Mg-0 Al

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-!)

Figure 3- FTIR spectra of a) MgAIl204, b) pure PLA, c)
PLA\MgAI204 produced by slurry method and d)
PLA\MgAI204 produced by FDM method

4- Conclusion

1- MgAl,O4 particles with an average size of about
34 nm was produced via the combustion
synthesis method.

2- PLA/MgAI;O4 polymer matrix composite were
fabricated through 3D printing and casting
approaches.

3- Crystallinity of samples were improved by FDM
method (compared to slurry method).

4- The degradation rate of PLA was increased by
adding MgAl,O4 particles.
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Production and Characterization of PLA/MgAI204 Scaffolds by 3D Printing Method (FDM) and
Their Comparison with Slurry Method

Mehran Ghodrati Seyed Mahdi Rafiaei

Abstract  In the present study, magnesium aluminate bioceramic (MgAI204) with particle size of 27 to 40 nm was
produced by combustion synthesis method. Also, PLA/MgAI204 polymer matrix composites were made using FDM and
slurry welding methods and their properties were studied and compared. X-ray diffraction (XRD), scanning electron
microscope (FE-SEM), infrared spectrometer (FT-IR) and inductively coupled plasma spectroscopy (ICP) were used to
investigate the properties of the produced composites. XRD results showed that in the composite samples synthesized by
FDM method, PLA has more crystallinity than the slurry method, which is due to relatively slow cooling of the polymer
melt. To investigate the bioactive properties of this composite, the simulated body solution (SBF) was used and the results
of the ICP test showed that the amount of calcium and phosphorus in the fourth week in the PLA/MgAI204 printed sample
was the highest and equal to 77 mg/L and respectively were 40 mg/L. These results show that the processing of these
composites by the 3D printing method brings more degradability than the slurry method and has a higher quality for
biological uses.

Keywords Magnesium aluminate spinel, Combustion synthesis, Polymer matrix Scaffold, Molten layer, Slurry.
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1.Introduction

Conductive polymer matrix composites have attracted
considerable attention due to their many applications, as
shields against electromagnetic waves, batteries, and
sensors. The adjustable electrical conductivity, corrosion
resistance, and low density of these materials have led to
their utilization in various fields. Long-term exposure to
electromagnetic waves is a serious threat to human health,
making the design and development of electromagnetic
protective materials is essential. When a conductive
reinforcement is added to the polymer matrix, electrical
conductivity is improved in the polymer matrix composite.
As the electrical conductivity of the structure increases, the
composite's protection against electromagnetic waves also
improves. One of the allotropes of carbon is carbon black,
commonly used as a reinforcement in rubber, a pigment in
plastics, and a reinforcing phase in conductive composites.
Its inherent conductivity, desirable chemical stability, and
low cost have led to carbon black widely used in polymer
matrix composites. The aim of the current research is to
make a conductive polymer matrix composite using
segregated structure to enhance electrical conductivity and
provide protection against electromagnetic waves. To
achieve this goal, composites of high-density polyethylene
(HDPE) and carbon black (CB were made) in various
weight percentages using mechanical blending and hot
pressing.

2. Method

In this study, carbon black was added to polyethylene
powder at concentrations of 2%, 5%, 5.7%, and 10% by
weight. To produce HDPE/carbon black composite
granules, the raw materials were subjected to mechanical
mixing for 10 min. In the final stage, hot pressing was
employed to fabricate nanocomposites. To produce
segregated structure composite, the molded powders were
subjected to a load of 16 tons for 3 minutes at 120°C.

Additionally, for the fabrication of polymer composites
with a random distribution of the secondary phase, samples
were subjected to a pressure load of 30 tons at a
temperature of 180°C.

Table 1. Electrical Conductivity of HDPE-Carbon black

Composites
conductivity (S/m) Electrical | sample code
0.007 r-CB2
20 s-CB2
0.011 r-CB5
59 s-CB5
72 s-CB7.5
78 s-CB10

3. Results and discussion

electron microscopy images revealed that in the CB-2
composite powder, carbon black particles are present on
the surface of polymer granules. However, in the CB-7.5
composite powder, with an increase in the weight
percentage of carbon black, a significant amount of carbon
black particles is deposited on the polymer granules,
indicating the formation of a conductive network at the
surface of the granules in the segregated structure. In the
r-CB2 sample, the addition of 2% by weight of carbon
black resulted in an electrical conductivity of 0.007 S/m.
In contrast, in the s-CB2 sample, with a similar amount of
carbon black, the electrical conductivity increased
approximately 3000 times and reached 20 S/m. The results
of the wave absorption rate show that in the samples of
these composites, the dominant mechanism of protection
is the absorption mechanism .This significant increase in
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electrical conductivity suggests the successful creation of
segregated structure in the s-CB2 sample.
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Figure 2. Comparison of protection level with absorption
and reflection mechanisms and total protection in s-CB2

composite.
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Figure 1. Comparison of Absorption and Reflection in s-
CB5 and r-CB5 composites.

4. Conclusions

The creation of a segregated structure has significantly
enhanced electrical conductivity compared to a random
structure. In the sample containing 2% carbon black,
electrical conductivity has increased from 0.007 S/m in the
random structure to 20 S/m in the segregated structure.
With an increase in the percentage of carbon black,
conductivity improved further, reaching 78 S/m with the
addition of 10% by weight of carbon black. The trend of
maximum composite protection shows an increase from 6
dB to 16 dB with a change in the weight percentage of
carbon black from 2% to 5%. This is attributed to the thick
layer of carbon black coating at the surfaces of polymer
granules in the structure.
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Effect of Carbon Black Distribution on Conductivity and Electromagnetic Interference Shielding
Properties of Polyethylene Composite

Ali Shajari Fatemeh Najarnia Mohsen Haddad Sabzevar Samaneh Sahebian

Abstract The application of conductive particles with segregated distribution in the polymeric matrices is one of the
most effective ways to reduce percolation threshold, increase conductivity, and improve EMI shielding properties. In this
study, mechanical mixing and hot compression molding were used to fabricate polyethylene/carbon black composite with
segregate and random distributions. Microscopic images showed that during the mechanical mixing process, the
polymeric granules were well coated with carbon black. The electrical conductivity of segregated structure composite
( 2 wt% carbon black) increased about 3000 times compared to the random structure(2%wt carbon black). Using the
vector network analyzer, it was revealed that by increasing the black carbon content from 2 to 5 wt%, the maximum EMI
shielding effectiveness of the composite increased from 6 dB to 16 dB, respectively.

Keywords Conductive polymer composite, conductive property, segregated structure, carbon black, Electromagnetic
Interference Shielding Properties.
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1- Introduction

ZrB; has a combination of mechanical and physical
properties, which has made it an attractive material for
high-temperature applications and of interest to
researchers in recent years. Such as good properties have
been made it a potential and actual candidate in the
aerospace industry (rocket or projectile propellant, etc.),
abrasive applications, cutting tools and turbines, refractory
crucibles, furnace elements, high-temperature spray
nozzles, and additives in composite systems.

In addition to the problem of its sinter ability, ZrB,, like
other ceramic materials, is inherently brittle, which limits
its application in the monolithic phase.

Carbon with different sources and morphologies has
been used as a sintering aid to improve the sinter ability or
mechanical properties of monolithic ZrB, or ZrB-SiC
composite. Carbon improves the sinter ability of ZrB, or
ZrB,-SiC by reacting with oxide impurities on the surfaces
of primary powders such as ZrO,/B,03 on ZrB; and SiO-
on SiC particle surfaces and minimizing or removing them.
It is reported that chopped carbon fibers improve the
fracture toughness of ZrB,-SiC composites by activating
the mechanisms of fiber deboning, bridging, pull-out, and
crack deviation. In addition to carbon, the addition of
carbides also helps to improve densification with a similar
mechanism.

This research aims to optimize the chemical
composition and sintering parameters to achieve a
composite with desirable mechanical properties. For this
purpose, the variables (ZrC, CNFs, T, and t) were defined
in three levels. Due to the high number of samples required
for optimization, Taguchi's experimental design was used
using Minitab software. Also, ANOVA analysis was used
to determine the importance of each variable. The novelty
of this research is the investigation of chemical
composition, the use of carbon fiber and SiC particles on

the nanoscale, on the sintering parameters simultaneously
which according to the author's knowledge, has not been
studied before

2- Experimental procedure
Firstly, the initial materials consisting of ZrB, (2 um,

Northwest Institute for Non-Ferrous Metal Research,
China, > 99), SiCyp (45 nm, Twig LeafLane, USA, > 99),
CNFs (OD: 200-600nm, L < 50 um, Twig LeafLane, USA,
> 99) and ZrC (< 10 um, Alfa-Aesar, > 99) were
purchased. Four variables (ZrC, CNFs, temperature, and
time sintering) in three levels (were defined for mechanical
properties optimization. Hence, the DOE method was
applied to reduce the required samples. According to the
number of variables and their levels, the Lg array was
determined by Taguchi: (Temperature) are 1725, 1800, and
1875 °C, B (Time) are 4, 7 and 11 min, C(CNFs) are 5, 10
and 15 Wol% and D (ZrC) are 5, 10 and 15 \Vol%.

To obtain the homogenous mixture of powders, a planetary
ball mill was used. The sintering process was conducted
via SPS (SPS: 20T-10, China). Then, the samples were
polished to remove the graphite and reach a smooth
surface. Finally, to evaluate the microstructure and
mechanical properties, the samples were cut by the wire-
cut method. X-ray diffraction (XRD, (Bruker Advance D8,
and Germany)) was applied to phase identification.
Scanning electron microscopy (Vega Tscan, Czech
Republic) was employed for microstructural evaluation.
The hardness of samples was evaluated by the Macro-
Vickers method with a diamond indenter (Zwick Roell,
ZHV 10, Germany) under the 30 Kg load for 15 s on the
polished sections as an average of 5 indentations.
Indentation fracture toughness (Kic) was estimated from
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the lengths of the diagonal indentation-induced cracks
after Vickers hardness measurements.

3- Results and Discussion

The values of open porosity, hardness, and fracture
toughness of all samples are presented in Table 1. To
investigate the effect of each variable (temperature, time,
SiC, and CNFs) the data were entered in Minitab software
and their signal-to-noise values were obtained. sample 8
has the best mechanical properties and sample 1 has the
lowest properties. Analysis of variance (ANOVA) was
used to determine their importance and effectiveness.

Table 1. Results of porosity, hardness, and fracture

toughness
samples Result
Porosity Hardness Fracture Toughness
% (HV) (MPa.m*?)
1 12.11+0.7 190410 3.81+0.1
2 9.60+0.6 249415 5.04+0.2
3 9.201+0.5 231+14 4.940.1
4 5.80+0.4 272420 5.440.2
5 6.11+0.4 275122 5.840.3
6 3.2240.3 290425 5.740.2
7 1.2540.2 297127 6.7+0.3
8 0.1140.08 | 400433 73104
9 1.044+0.1 320+28 7.0+0.3

In Figure 1, the X-ray diffraction pattern of the ZS-5 Vol%
ZrC-20 Vol% CNFs composite sintered at 1800 °C and 7
min (sample 5) is given. According to the identified
phases, no new phases have been identified except for the
phases related to raw materials. This means that despite the
high temperature of the sintering process of this sample,
the primary powders did not react chemically with each
other and therefore a new phase was not synthesized. In
addition to XRD, an elemental distribution map was used
for phase identification.
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Figure. 1. XRD images of the composite 5.

Figure 2 shows the FE-SEM image of the polished cross-
section of sample 5 along with its elemental distribution
map, in which the identified elements include Zr, Si, C, and
B.

Figure. 2. Elemental map analysis of sample 5.

It is clear that sample 8 with the chemical composition of
ZS-15ZrC-10CNF sintered at 1875°C for 7 minutes has the
lowest amount of porosity (almost zero (0.1%)): it means
that Sample 8 is almost completely consolidated. In
contrast, in sample 1, which contains 5\Vol% ZrC and 10
WVol% CNF and is sintered at 1725 °C for 4 minutes, the
highest amount of porosity (12%) has been created. The
presence of ZrC also reduces porosity, which may be
related to the formation of a solid solution with ZrB,. The
addition of CNF increases the porosity in the sample to
some extent.
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Figure. 3. S/N curves of porosity against T, t, ZrC, Cnf

The highest level of hardness was obtained in sample 8
which is equal to 400 and the lowest level was obtained in
sample 1 which is equal to 190 Vickers.

Figure. 4. Optical microscopy of indent induced in Sample 8
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Figure. 5. S/N curves of hardness against T, t, ZrC, Cnf

The improvement of fracture toughness with the presence
of carbon nanofibers can be attributed to its effect on the
activation of toughening mechanisms such as crack
deflection and branching. The fracture toughness values of
samples 2, 5, and 8 were 5, 5.28, and 7.3 MPm'?,
respectively (Table 1). Examining the crack propagation
path in these samples (Figure 6) shows that in sample 8,
more crack deflection mechanisms are activated and the
crack goes a more tortuous path and thus consumes more
energy in comparison with others.

Figure. 6. FE-SEM images of the crack propagation of
composites a) 2, b) 5, and c) 8 (Crack indentation)

4- Conclusion

ZrB, ceramics with different types and amounts of
additives (both ZrC and CNFs) and processing conditions
were sintered via SPS according to Lo array. Since with the
increase in temperature and time of the process, the
porosity decreased significantly and the reduction of
porosity is the most effective factor on the final hardness
and toughness of the samples, so the hardness and fracture
toughness also increased, which is the main reason for the
efficiency of the SPS process in controlling the grain size.
The in-situ synthesized ZrC phase, which has a higher
density than other phases, is attached to ZrB, and ZrC
particles. The presence of ZrC reduces the porosity, which
is due to the formation of a solid solution with ZrB..
Adding the volume percentage of CNF has increased the
hardness and fracture toughness to some extent. Sample 8
has the highest Vickers hardness (400+33 kg/mm?) and
fracture toughness (7.3+0.4 MPa.m%?). In total, the
synergism of CNF and ZrC up to 15 percent by volume
had a positive and constructive effect in improving the
physical, mechanical and microstructure properties.
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Optimization of Fracture Toughness and Hardness by Taguchi Method in ZrB-SiCy,-ZrC-CNFs
Gholamreza Davoudi Mohammad Morad Sheikhi Zohre Balak Shahrouz Yosefzadeh

Abstract In this research, the effect of adding silicon carbide nanoparticles, zirconium carbide, and carbon nanofibers
at different sintering temperatures and times on fracture toughness and hardness of ZrB2 ceramics has been investigated.
Due to the high number of required samples (four variables in three levels) to optimize the fracture toughness and
hardness, the design of the experiment (DOE) by the Taguchi method was used. The hardness and fracture toughness of
the composites fabricated by spark plasma sintering (SPS) were evaluated by macro-Vickers and crack length
measurement methods respectively. The results showed that sample 8 with the chemical composition of ZrB2-25Vol%SiC-
15ZrC-10CNF sintered at 1875°C for 7 minutes has the maximum amount of HV hardness (400+33) and fracture
toughness (7.3+0.4) Mpa.m*2. Also, analysis of variance (ANOVA) indicated that temperature and time are the most
effective variables on fracture toughness (with contributions of 84% and 10.5% respectively) and hardness (with
contributions of 74.3% and 15.9% respectively).

Key words Fracture toughness, hardness, SPS, Taguchi, ZrB..
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