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This paper presents an experimental study on interaction effects of apparent density and heat transfer
charactristics of metal powder by Direct Metal Laser Sintering device which is developed at K. N. Toosi
university of technology. Selective Laser Melting (SLM) is a direct fabrication of part through layer by
layer powder deposition and successive laser beam irradiation. One of the important properties of the
SLM is thermal conductivity and thermal diffusivity of the metal powder. In this paper, thermal
conductivity and diffusivity of metal powder with various apparent densities were studied. According to
the method of measuring (the difference between two temperatures), The tests showed the dependency
of thermal properties to metal powder apparent density. Variations in apparent density was established
through the pressure applied to the raw powder bed. This study was performed between apparent
density of 44.75% to 56.4% compared to the density of pure iron. Comparing the samples which is
produced in different densities, it is concluded that the pressure applied to the raw powder bed had an
optimum point of arrest. In fact, the best quality of the manufactured parts, in density of about 46% was
obtained.
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Fig. 1 Experimental device, test setup
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Fig. 4 Testing set up for powder thermal properties
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Fig. 9 Variations of thermal diffusivity and thermal conductivity in
different density

alize g ,mll JBa 5o Sl Colan 5 395 g po Ol s 9SS

58 550 e 59 09 3l VL e sl (JB Gl 1 o]
oalys 5 JSae ) a5 5500 3585 VL 5,0l (JBs ogdlay 05 (0 1,8
@3> cuyd (ol odle b salsS ALulS 55 S9k Fes Al 40 5 05
Sk ey (F9,88 Ol 4z calply sl YL aly 5 1l Sog
GBS 3 (oo GRS 55 Jole cplad walsS a8 s 0 i o pe
@ Sy Sl VL (S8 L p3g (olsS 1) 0yl 39k Bae (e

12 o plads 16 053 1395 siaul . purde Suilfe Lwdige

44.75% — = 4T7% - = = 48.90%
cerees 5130% e 54% — . 56.40%

Fig. 7 Temperature changes over time in T3 locations and different
apparent density

b JB g T3 ahis ;o 50 oloj a4 Cod Ol az o Slyeis 7 S0

ol SeS 4y A3l Jhad g oojlans £l )l ¢ prie Caond Gos cdil> gLy
(D9 £, Ay Cumd 4253 B0 (sLlg5 50 Waeslasl .l oals (5 5:505lul
solol Slasin g ogdle .ol 48,5 )13 e Ll puSibo g oo s
S529 9 sbizil ( Sud 565 Gl cpbaw Slo o8 5l Slaseise adiges
Soge tr b slaneeST ol ol b ) (Sand ol
Slediges SBsd slad 8 Ko .l odls gy bdiged o (giudd,
A o lis |y e g ol S jo oals ades

ghe Blo g (FoissS Qe (s pl amlio 5 (Sl o) o
Ol rdiges duslie 5l am ol (0bj)) oSy oo S5 ) ladiges
azgi b gamas, cpl el ool ools lis (gunds, &g 4y (SaigeS
RO PRV ‘Al;o‘ ooL,.A...J G!a.w L;Lo 6)‘.\f b)L.\J‘ 6‘}' (511"5)‘ »)JA:L»..»‘ L
a>,0 C.la.w $9y u‘)b Slass 9 o)'|.\3| aS @Lﬁ)l J)L.bl.o.w‘ aisle Cé‘j 5
uLma C.‘a.m k$3L.4 6‘).3 OQAT Cewd A slael ""‘;56‘4 ua?b«.o ‘) de:—o.w
sl e o odis

4 sk @ D9y Yo b Ojpe 4 ol JB liad Gl
silesl @ls (5 JSa) as Jol> )L 470 jLsé 40 100% el JKa
Soii 5 2blo; curs (sl JBa GBIk as obs Glas e Sl
Condl (o)l8 &b S jge 4 533, VU pl Lol ogy0 VU 3 (2le)S
ool sl oyl Jlaie 4 Sl gl JBz 0 gu> Sjpo 4 oS
S o S alls

ol JBs 1) ble; cors 5 2l Sod o akal, 9 JSO
i s Lol wijle o B Gl il g0 o aie o lias CaliSee
o wiline (5,05 S s o1 jo5 035 sl byl (b 58
Gl i gl Colas g e Ol

@B g5
Gobul g lio-1-5

398 Fae (ol ladiged ;3 > )39 Jiww (55, 2 Jloel jLad (lEIL
AL slalad jo y0s i JB (23, Vhomuy cpl e 1358 oo 0

158


https://dorl.net/dor/20.1001.1.10275940.1395.16.12.69.4
https://mme.modares.ac.ir/article-15-8991-en.html

[ Downloaded from mme.modares.ac.ir on 2024-03-20 ]

[ DOR: 20.1001.1.10275940.1395.16.12.69.4 ]

ol o) Jloa 5 abld e A

Ll G)Hgsbulohn)éam A lw uhﬂmﬂg,)»))*u)l)}dhﬂl,g)&%d@é Jelitio 3l (1) (o) 2

309 Lewdly 0y ) pog pSd pae ol el ;) (S oS ol
9 Lol 10,5 walss (6ol SLbI 4 Olie azdg> ol ouil) 4z
Sl gl B p e Jalse 51 (S 05 SLbI 4 Clie pad eudl,
[13,12]

9 e 4 g 0390 ol Lo i 125 51 YL (gl led ) jai e
obod Lo i 509 5 pnlls JISz Loyl oyl 0 08 oo Jrn yio Sln 0.02
g 009 e (oLl 5l (26 LB (liee cal g o)l 1) askad JB
el Jlad Gl cnly edle o)l gl Ol iz S8 Sl
&S ulys &S 0 a5 s 098 oo dil> sloml g ol JolS JLasl
3 mhue gy 5l Sod ail g sl wgkone ol oud Jlasl jLzd
layled o axkd oS (HLED I LS 5 el ol 09 e ony ladigas
oyl YL

39 loges g0 ablis wgd g0 Sy 11 510 sla IS 5l a5 LIl 4SS
JEz 55 146 51 a8 5,0l Jz o 2l 146 250> (50l IS
ol 2 Gl JESl oo b 5l 5 ) p 39 Ges sy 2 ol
Ky il Ol JUEl oo 46 51 5L el JKs e Lol
el ool Casiy JL T o8 lzd o gyell JBs plols 55

Sl 3275
W TS b egSae Ay mhw (Blo g (Sab 055 Olee el
Sialydl b s 3o Alal, el ot o3l (Lis 12 IS5 0 a8 jsblen
sl S8z 0wl Glang dbi ghls Gog e el JBs
o W gl Blo iy 5 (Sob 265 ceeS (L7 5ld) 1465
.09.4::

S 5 A OB S egdle U ok dalgs el jLad (25, YL
PRS0 (b 00,88 JJS 4 105098 5SSk 8 Olie Aol
aalys 5 S Ll sazme planez 5 Glie azds> 3o 4 b o5 >
Ll osdi oo 508w (Sud (255 028, YU el ol ol [2521] ws
p> B ol aalys el ((b 10 51 1aS sla i) A7 5 s p0lls JIS>
aalys S8 (Sad 055 Sl 4 el Gl 0gd S goga> B Olke

Dl
— =
w =
=
?l‘“ S
£ x
=]
=
et

0 0.05 0.1 0.15 0.2
Depth of Concavity (mm)

Fig. 11 Variations to the depth of concavity of the thermal diffusivity,
density

Bz 5 Gl 398 s & Cond Olie BLEL 5 a5 Sl 11 UK
ol

159

g walys oS 5 Of Qdz caps a0 g cls walys aly 5l
YU slajlad )3 35i Bee (Al a5 ol las udsi ladiges anlie
ol 2 5o gum U ,La8 0 Vb @dly jo 05 o ol gous 4 ) Ken
ey 39 Boe Sk p iz b 5YL a5 col S8 Goe
) fs B I3 e 2 oS 8L SVL sl jLed 15 cusls

I8z 5 Gl 38 a4 ol 358 Bes Dlpss 10 IS5
S 9 ol SRz Gl b sase plis ) 5oy el
alys 3,1y 108 5l oyt pr a4 Jlosl g5, Cpalpliy el o Ll
I @ S B 0g e 9y 2 Gl GbelS e poal
33 g ond y0g feS 09l Eely ol (ul o9y dmlg eSSl (6 ,all
Dy o A5 35h5 Fes dd

S lag o5 a0 (s sad g5 sladiges )0 adl> IS sl (o) 2
18 oum i 4 Y sla,lid 1o 5 alo Lol Lad Liylial b ail>
Jid) 149 ool JBz b Ly oS ol @l 5o S oo oo she shes
et b i T 5 5V laylas o Wl ol b &go & (L 25
Sk 18 sa> oliee 4 5VL sl Lz o Luled 5 39500 plovil 6 5208
S o e

Dl 59,0 Sz Sl B0 51 VL pmlls Kz Jloe oy o
a8, Vb jog jiw sl S jLa8 (lBIL 1ol adl> S by
25 Ol hlyd Gz )0 5dee Seop Lol dalad Js Gliee s
S8 Rl L 5 i Q3 (e Galpogdle 5 428, YL mlaw wly o
Sl e id Gl 0e Cull @ dz g b as jo 0l aalgs auls
ol JBa )3 &Bly 0 ad valss o5 5 Clie by g oad atuls
g oy Al 2aS 4 oud ays labad Ll o)lee H50 51 5V
sl il 55 a8 b oo adg Sladad Ly

Gl L Ol agear o alS askd a5, 2 jLed s S
WIS oo e o 4 28 i YU glajlad o oS GlaigS @ ol jLad
@ e S8z azse ailos Sle PLEL e aal sz ol e
dgr arlem aS 35 gd 5l Lab elal wasl 5oy ol JBs
a0 g oeldl ol als del JB> qas adlal ol pls [24,13]
@ led Jlel b ool J&e (l33 ool 2 ogdle 0l dalys el als
boog 5 5l onSslr a0 5,09 (b Ji8 el ipls j09) yows

185 T

15.5 +

125 ¢+

@ (mm?/s)
p (%)

3.5 + ! + -\._. 43

0.35 0.45 0.55 0.65 0.75

Depth of Penetration (mm)

Fig. 10 Variations to the penetration depth of the thermal diffusivity,
density

Al ISz 5 5 335 ey & e S35 o e 10 JSC

12 o loib 16 093 1395 sisul . )0 SlSo riye


https://dorl.net/dor/20.1001.1.10275940.1395.16.12.69.4
https://mme.modares.ac.ir/article-15-8991-en.html

[ Downloaded from mme.modares.ac.ir on 2024-03-20 ]

[ DOR: 20.1001.1.10275940.1395.16.12.69.4 ]

il ile) Jlos 9 abld e S

LRI 6) 5 393 dilol )3 03ub A lw Hilalad CaadnS (59 3 9393 )l JUil g G ral B Jaliie Hil ()5 )02

2 oogee lor jLad cnl 5o 1y sl slml ) JLed (pl oS 05l o la
05 5 ol 5l Wlsi (o pog s pSadzr (halS (g0 pog
Iz 5 il S o 4 S Pl i 53 14 IS
Js 4 (L7 jLes) %46.5 o ,als B o Llaes o plui |y (5,0l
2 LS 5 Sl dxbg> S 1> g j0g Ol saze Gleduz sl G
W o e S8z oog Y S 4 odle ool S5z 4 (s
Sl 4 3 5 33 dbly VL 35 o g Slald 5 ells JIS

S 5 domii -6
clise ol S 0 ool j3g () Sed oo 63y » bl
sl JE Gl b as ol olis jos (5l Gtalesl b ol ploxl

Fig. 13 View of the samples produced at 40X magnification optics
o0 asi slaaisei 51 415 40 las S5 b (Sl sl 13 S

18.5
1 ss
15.5
+ s
g 125 -
E T4 S
- 95 b b
6.5 T %
35 " " d 43
0 50 100 150

Strength (MPa)

Fig. 14 Variations to the Strength of the thermal diffusivity, density
$plb JBa 5 )l Seb u rd & Cod plSoil i 14 S0

12 o plads 16 053 1395 siaul . purde Suilfe Lwdige

18.5 -
4 353

155

12.5 1

a (mm?/s)

95

6.5 -

+ + + +— 43
0 500 1000 1500 2000

Roughness

Fig. 12 Variations to the Roughness of the thermal diffusivity,
density

Gl S 5 ) 3558 oy 4 e e o i 12 S

oo oyt e Ll 2als el iy JE> 028, YU onl p osdle
20 505 lyd s a8 el aS s jaB] JLid e ol (Jg o anlgs
led 08 > v 59, ¢ Wi Do Amdg> a3 5 250 R0y
(L7 ,e3) 65 (s polls SISz 15 (b (255 i 0 yeS cnlnlt
FB 5 gl oS oy JLAS (e 50 el S5 LLE 358 (o0 0y
ol alie

Sz b B I S spls S o 02 S5 4 a5 L
S5 L Ll (12 610 (sla St asile) el ity ol JUl ) s alls
@ Jloel 550 4z 115998 0 Sae Mg ol Dlabad (5,0l JB
S Olyd olasd g g waled aS ouds dloul Llde el Ldz eS i
aslys jialS mlaw Blo s (o .ale walss 8L 5 S5 ojlal b onis
s o amti 5 5 ol ity g a8 (0l S o Ll i,
kil zals el 146 sgax b g ol JE> ioliblog salys i
Olaad mhaw Blo o esiins il LoLEI 2ol ol 3 e Shie
o mals B H46 5 YL el K> o Ll el walss sods
dalgs a8 5 o 5l Olie dsogs oS > Sllg o5 cul (5,08 4 Olie
9y 2 S S8 a4 Jlow (ol a8 dlanly & Ol (plpl ol
s silo (b oS sl S ol 5,5 S [26] Wiadon o0 han

b delyS (Sadoss il

R plgt o35
ol Gl il 5 (el 2y bS5 slass 38, Vb az g5 LB &S
et el VU (sl iz 1o 1 el YL (sl Lz 40 oo agi (gladigas
end ol Ol dodg> OS> 0 Sggu pas Jdo 4 Olie glao e
ol ey o 3pe snys abS 5 ST I plS 2 o 5 e
Glo,lid o osd ays gladise iy ol 4 ol o dabad plSoxiad
ol ooy |y s onl 13 S8 o555 sty el 51 YL
.MJ‘SA

aa lo el bo)lis ol o ot ady Slald sy ol 4
M5 Slapiaes ;3 Wb alplo Wl y93 0 3 995 ol iculie
Sogb Fr ouiS Slo glasile (s Slpgs S5 > g ey

160


https://dorl.net/dor/20.1001.1.10275940.1395.16.12.69.4
https://mme.modares.ac.ir/article-15-8991-en.html

[ Downloaded from mme.modares.ac.ir on 2024-03-20 ]

[ DOR: 20.1001.1.10275940.1395.16.12.69.4 ]

ol o) Jloa 5 abld e Sy

Lzl ) .__1,545|.o|.m)éaa.u‘u A lw QMWGQ)»)A”Q)I»JWIQG)&%Q@% Bl 3l (1 )5 () 2

(mmafs) )l 355 o @

&l»-8

[1] A. V. VILLALON, Electron Beam Fabrication of Injection Mold
Tooling with Conformal Cooling Channels, PhD thesis, North
Carolina University, USA, 2005.

[2] J. P. Kruth, P. Mercelis, J. V. Vaerenbergh, L. Froyen, M.
Rombouts, Binding mechanisms in selective laser sintering,
selective laser melting, Rapid Prototyping Journal, Vol. 11, No. 1
pp. 26-36, 2005.

[31 M. R. Alkahari, T. Furumoto, T. Ueda, A. Hosokawa,
Ryutaratanaka, M. S. A. Aziz, Thermal conductivity of metal
powder, consolidated material fabricated via selective laser melting,
Key Engineering Materials, Vol. 523, pp. 244-249, 2012.

[4] Gersho, A. Rossencwaig, Theory of the photoacoustic effect with
solids, in Applied, Vol. 47, No.1, pp. 64-69, 1976.

[5] I. H. Tavman , Effective thermal conductivity of granular porous
materials, International Communications in Heat and Mass
Transfer, Vol. 23, No. 2, pp. 169-176, 1996.

[6] N. Lockmuller, J.Redgrove, L.Kubicar, Measurement of thermal
conductivity with the needle, High Temperatures - High Pressures,
Vols. 36, No. 2, pp. 127-138, 2003.

[7]1 F. Albouchi, F. Mzali, S.B.Nasrallah, Measurement of the
Effective Thermal Conductivity of Powders Using a Three-Layer
Structure, Porous Media, Vol. 10, No. 6, pp. 537-549, 2007.

[8] M. Rombouts, L. Froyen, A. Gusarov, E. Bentefour, C. Glorieux,
Photopyroelectric measurement of thermal conductivity of metallic
powders, Applied Physics, Vol. 97, No. 2, 2005.

[9] A.Simchi, The role of particle size on the laser sintering of iron
powder, Rapid Prototyping Journal, Vol. 35, No. 5, pp. 936-948,
2004.

[10] H. Zhu, J. Fuh, L. Lu, Microstructural evolution in direct laser
sintering of Cu-based metal powder, Rapid Prototyping Journal,
Vol. 11, No. 2, pp. 74-81, 2005.

[11]Schueren, B. V. der, a. J. Kruth., Powder deposition in selective
metal powder sintering, Rapid Prototyping Journal, Vol. 1, No. 3,
pp. 23-31, 1995.

[12]H. Zhu, J. Fuh, L. Lu, The influence of powder apparent density on
the, Machine Tools & Manufacture, Vol. 47, No. 2, pp. 294-298,
2007.

[13] R. Morgan, C. J. Sutcliffe, W. O’neill, Density analysis of
direct metal laser re-melted 316L stainless steel cubic primitives,
Rapid Prototyping Journal, Vol. 39, No. 4, pp. 1195-1205, 2004.

[14]N. K. Tolochko, M. K. Arshinov, A. V. Gusarov, V. I. Titov, T.
Laoui, L. Froyen, Mechanisms of selective laser sintering, heat
transfer in Ti powder, Rapid Prototyping Journal, Vol. 9, No. 5, pp.
314-326, 2003.

[15]C. J. Li, T. W. Tsai, C. C. Tseng, Numerical Simulation for Heat
Mass Transfer During Selective Laser Melting of Titanium alloys
Powder, in Laser Assisted Net Shape Engineering, 9th
International Conference on Photonic Technologies Proceedings
of the LANE, Furth, Germany, September 19-22, 2016.

[16]A. Foroozmehr, M. Badrossamay, E. Foroozmehr, Finite element
simulation of selective laser melting process considering optical
penetration depth of laser in powder bed, Materials & Design, Vol.
89, pp. 255-263, 2016.

[17]E. Olakanmi, R. Cochrane, K. Dalgarno, A review on selective
laser sintering/melting (SLS/SLM) of aluminium alloy powders:
Processing microstructure properties, Progress in Materials
Science, Vol. 74, pp. 401-477, 2015.

[18]J. Ziveak, M. Sarik, R. Hudék, FEA Simulation of Thermal
Processes during the Direct Metal Laser Sintering of Ti64 Titanium
Powder, Measurement, Vol. 94, pp. 893-901, 2016.

[19]Y. Huang, L. Yang, X. D., Y. Yang, Finite element analysis of
thermal behavior of metal powder during selective laser melting,
International Journal of Thermal Sciences, Vol. 104, pp. 146-157,
2016.

[20]Q. Shia, D. Gua, M. Xiaa, S. Caoa, T. Rong, Effects of laser
processing parameters on thermal behavior, melting/solidification
mechanism during selective laser melting of TiC/Inconel 718
composites, Optics & Laser Technology, Vol. 84, pp. 9-22, 2016.

[21]D. Gu, Y. Shen, Balling phenomena during direct laser sintering of
multi-component Cu-based metal powder, Alloys Compounds, Vol.
432, No. 1, pp. 163-166, 2007.

161

S IS @ 28 Vb cnl Lol hog o0 VU 55 (ole) S0k 5 (ble) oyl
e & 2l 6l (JBs 3 gu Ojpe @ &5 Cl (o)
&S oo Jee Al ol sl s st

Solite 5 palb S b 05 e 535 2 a3 P9 slagiales]
e (b 7 )ed) ME5 gl S8z 10 sudy laks o5 ols las
A2 oo s v I coaS

Shse ols W6 290> b 5,0l Sz (al¥l L (S 055 Oliee
g oo il Sl g (S 655 Gl el ol I it Gl

3 S pae Jdoay Olie slooyge Jlasl 6T YL glajlid yo
cVlail jlalS o o s Sl sl Clie dpdg> oS >
ol 0 daled oSl 1lS sl 45 595 o 000 B S

398 Bos 53, 2 5ol Sz 5L 6 5l 1S el JIS
ol JBz o Wl ol Gl JEl s bl 5,
S 65y il Ol Ul o b 146 51 YL

4 oad oy olald oLl Gl 50 5 VL el JSz 5o
ol plp 5l a8 b oad wdgi Dlalad (sligy g o) Sl (S

S5 03l o5 g Anie b, slr A Gl ol Gl b iales]
iS50 Vb sl b p3g S sile 03,88 (g 5l pog (sanails
b os S5 057y @ 3k sy (rl 00 oged ool gadsi wlalad
O3S 8Ll & 53l cnl 2 oogdle e 59,5 KL g P suall
57 Ss Aaly AT e anld e o Ledly bl a8 5, les &3
ite 3l S (Il b ge sl o Gl Y ) an Sz 0l
WEB1S dalg3 5 509) (595l 2

b 5 Slhed S5 e i W95 Sl 50 Wb cnlnl
b7 ogam )3 )lad &5 09d @l 555k s 0aisS Slo lasile
03gamte Wl g 039 yuitie alisee loy0gy lp JLad 1l Ll ales sl
ol s 4 Sale jlad i Ll conlie

Gkt glagmiz sly 58, ool Calid i Slidos g bt
Sl ObSe 6ol S Loy 500 ke 4 ams o L ) 509
SLSs A S8 Gl wgady Dbkl Gl e 0s] Cey
O B N LN N WA CHP IR UPICH F-SERRTA N

PO C,w}gs -7
(m?) o)l Jasl el colue A
(KI(kg K)) o35 ole)S cud )b Cp

(kJfSec) o)l > Jasl 5 H
(M) Lo g0 oy alold h
WIMmK)) ool o)l Jislcg,e K
kg) p,= m
(bar) ,ls P
W) &)L~ g3 Q
(Sec) slo; t
(CO)lks T
(k) x alais o Lo Ty
(M) o>V
Sl e

(kg/m’) 50l J&  p

12 o lois 16 093 1395 sisul . )0 SslSo riye


https://dorl.net/dor/20.1001.1.10275940.1395.16.12.69.4
https://mme.modares.ac.ir/article-15-8991-en.html

[ Downloaded from mme.modares.ac.ir on 2024-03-20 ]

[ DOR: 20.1001.1.10275940.1395.16.12.69.4 ]

ol o) Jloa 5 abold e A

il ) 3 .__1,545|.o|.m)éaa.u‘u A lw QMWGQ)»)A”Q)I»JWIQG)&%Q@% Jelitio 3l (x5 () 2

[25]N. K. Tolochko, S. E. Mozzharov, I. A. Yadroitsev, T. Laoui, L.
Froyen, V. I. Titov, M. B. Ignatiev, Balling processes during
selective laser treatment of powders, Rapid Prototyping Journal,
Vol. 10, No.2, pp. 78-87, 2004.

[26] J. McWilliams, C. Hysinger, J. J. Beaman, Design of a high
temperature process chamber for the selective laser sintering
process. Austin : University of Texas at Austin, Solid Freeform
Fabrication Symposium, Vol. 3, pp. 110-117, 1992.

12 o jlesis 16 095 1395 suiml (e Suilse wiie

[22]S. A. Fatemi, J. Zamani, Influence of process parameters on layers
thickness in steel powder laser sintering, Mechanical Aerospace,
Vol. 14, pp. 36-39, 2014. (in Persian_,\% )

[23]H. Carslaw, J. C. Jaeger, Conduction of Heat in Solids, pp. 256-261,
Oxford: Oxford University Press, 1959.

[24]1R. Morgan, C. Sutcliffe, W.O'Neill, Experimental investigation of
nanosecond pulsed Nd-YAG laser re-melted pre-placed powder
beds, Rapid Prototyping Journal, Vol. 7, No. 3, pp. 159-172, 2001.

162


https://dorl.net/dor/20.1001.1.10275940.1395.16.12.69.4
https://mme.modares.ac.ir/article-15-8991-en.html
http://www.tcpdf.org

