Pb-iree high-strength Cu-Zn alloy
via powder metallurgy route
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Background ~ No more hazardous element, Pb

a-B duplex brass alloys with “Pb” widely used in industries

108-!.16996 o t
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Background ~ Effective elements for good machinability

Bismuth, Bi Graphlte partlcles
o oy c--—-“)"'
e m.,"u 4 a
BB - gt OO
";.,:;‘.'?*‘ . ._ __QM
i"h‘ - - At
a 3 m““t"‘\""w

L M
e ;
# .-

e ~..;;::..;
Machinable Cu-40%Zn-2.7%Bi alloy Machinable Cu- 40%Zn aIon with 1.0%Gr
« Toxic for human L1 Taerencs cuzes)
. [ - SPSed O
» Rare metal = expensive Conventional | o
40 p------- SO Sintered I
* Poor recyclability g i | ‘Gieshiconie
E L e e S:———\—\ ———————————————
Easy reaction of Bi with Pb 2 é“-\-.-.\_c_a\Q
. . S o f-cmeemmmcenaa S o NQ Ao
in re-melting of BS40 g Hefe_ff_f‘ﬁ_‘?__(_Q_‘;_Z_EEll__________
10 |- - - - Reference (Cu-Zn-Pb) ~='- - - - - - - - 4
Applied load ; 9.8N

H. Imai, Y. Kosaka, A. Kojima, S. Li, K. Kondoh, J. Umeda, o .
H. Atsumi; Powder Technology, 198 (2010) 417-421. 9 4.9 ! o

Graphite Content (mass%)
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Objectives ~ Pb-free high-strength P/M Cu-40%Zn alloy

Materials design for high-strength Cu-40%Zn (BS40) by P/M route

Rapidly solidified alloy powder Wrought P/M Cu-40%Zn-X alloy

Grain/phase boundaries (B) Solid solution hardening  B-phase
formation

Precipitates . \ .
Supersaturated in grain Grain refinement
solid solution (~500nm) (1~5um)

(Cr, Fe, Ti, Sn etc) Precipitates at G.B (~1um)

— Grain pinning effect
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P/M high-strength and machinable BS40-X alloys

{ | Stainless Powder metallurgy
I‘j steel BS40-Fe-Cr-Sn-Ti+Gr

Fe-Cr nano preC|p|tates
at grain boundary
(200~500nm)

© : (TS; > 700MPa)
% 700 -]
B | P/M BS40-Fe-Cr-Sn+Gr
g (TS; > 600MPa)

%’ o0 ‘ . @
5 Cu-30Zn-Al-Si ?/M BS40-Ti/Cr+Gr St
@ 500 {TS: > 500MPa) BS40-0.7Fe-0.3Cr-0.3Sn+0.5Gr
@ P/M BS40+Mg+Gr
@ . (TS; > 550MPa)

4001 Cu-40Zn-Bi-Q . O-m

Cu-40Zn-Pb
30Q 1 i 5

Machinability (drilling speed) *10-2/ s

K. Kondoh et al., Journal of Metallurgy (2009) Article ID 853092.
Shufeng Li et al., J. Alloys and Compounds 493 (2010) 128-133.
Shufeng Li et al., J Materials Science (2010) 45:5669-5675.

Fe-Cr nano precipitates

H. Imai et al., Materials Transactions 52 (2011) 1426-1430. inside grains (Fe35Cr65)
Shufeng Li et al., Powder Technology 205 (2011) 242—-249.
Shufeng Li et al., Materials and Design 32 (2011) 192-197.
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Strengthening of BS40 alloy with elemental Mg addition

Mg NOT effective to improve strength of BS40 with Pb/Bi

Mg-Pb e e | |
| | * Mg-Pb & Mg-Bi coarse intermetallics synthesized

I o via Mg-Pb/Bi reaction cause poor machinability and
g mechanical properties of BS40 alloy with Pb/Bi
§ Mgzpb o OBi < Mg;Bi,
N
I\./Ig’ s emd” T B Cu-40Zn-3.2Bi
_Mg-Bi.. Pl s

- i 2o | IEERCIENE N ¢
E N /Z/ \ Cu-40Zn-3.2Bi-1.0Mg
§ Mg3B|2 1 - Cu-40Zn-3.2Bi-1.0Mg ? 25Dii‘fraci?on andSe, 29/329 ®

Mg  Mass%Bismuth B
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Strengthening of BS40 alloy with elemental Mg addition

Mg additives for fine precipitation & grain refinement of BS40+Gr

Mg-C * No formation of Mg-C IMCs;
graphite particles effective for good
machinability remain in the matrix.

Molten Mg

Gr plate

Poor wettability of graphite
plate by molten Mg droplet
N. Shinozaki, Jun Morita, K. Wasai, Wetting of

graphite by molten magnesium, Journal of Japan
Institute of Light metals, 55 (2005) 310-314

Mg,C;, MgC,; unstable phase

B. Hu, Y. Du, H. Xu, W. Sun, W.W. Zhang, D. Zhao,
Thermodynamic description of the C-Ge and C-Mg
systems
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Today’s topics

Effect of Mg powders addition on microstructures of BS40 alloys

Mechanical properties and machinability of BS40 +Mg +Gr alloy

Cu-40%2Zn alloy + Graphite particles
(BS40) powder |

Mg powders

Solid-state sintering
[ 1

Pre-heating for solid solution of Mg
[ 1

Hot extrusion
-> Precipitation for fine microstructures
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Experimental - raw powders

Chemical compositions

Powder Pb (0]
Cu-40Zn 0.005 0.09 0.003
Pure Mg --- --- 0.006

Graphite particles (4.8 um)

0.005 40.42 Bal. —
0.006 0.003 0.001 Bal. ure vig
BS40
BS40+1.0%Mg
120 120
100 f ATGA Heating ratio 10 K/min in Ar
80 |- 1 100
6o | CuZnMg IMC
- formation at 815 K 180 ~
30| 2
~ e, . <
< 20 | S
0t <
20 | 40
iti . 40 |
Additive Mg powders; IMC decomposition | 29
+0.5, 1.0, 1.5 mass% 60 at 973 K.
-80 L 0
Additive Gr particles; 273 473 673 873 1073
+0.75 and 1.25 mass% Temperature, T /K
(Mg; 1.0%)
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Experimental — consolidation by SPS and hot extrusion

 Elemental mixtures of BS40, Mg and graphite powders Pressure

(a-1) BS40 (Cu-40%Zn)
(a-2) BS40 +0.5mass%Mg
(a-3) BS40 +1.0mass%Mg
(a-4) BS40 +1.5mass%Mg > Starting powders Mixed
)
)

Carbon punch

Carbon Container

powder Thermo couple

(b-1) BS40+1%Mg +0.75%Gr insert hole
(b-2) BS40+1%Mg +1.25%Gr

* SPS: 973K for 1.8 ks under 30 MPa (in vac.) Spark plasma sintering (SPS)

* H/E: pre-heating at 973K for 0.9 ks in Ar gas Load
- Mg solid solution into a&p phases Container
and fine precipitates (CuZnMg) Punch
during cooling after hot extrusion Brass billet

Die
» Microstructural - mechanical performance and
. .- . . Extruded
machinability evaluation of wrought specimens: brass alloy

SEM-EDS, EBSP, XRD, tensile and drilling test Hot extrusion

Joining and Welding Research Institute, OSAKA UNIVERSITY



Microstructural analysis on SPSed specimens

* CuZnMg (1:1:1) IMCs precipitation during X Resin A o-phase & p-phase 0 CuZnMg

cooling from 815K to R.T. in SPS

Mg content: Mg effective for B stabilization

o . _ . J (a) BS40 (Cu-40%2n) (111
* B phase fraction increasing with increase in Wy - 71(110)

(a-1) BS40 (Cu-40%Zn)  (a-2) BS40 +0.5%Mg

(a-3) BS40 +1.0%Mg (a-4) BS40 +1.5%Mg

;

O

\ (b) BS40 +0.5%Mg /
([l
L\ (c) BS40 +1.0%Mg

(220)
(d) BS40 +1.5%Mg

Intensity /a.u.

20 25 30 35 40 45
Diffraction angle, 26 /deg.

30
32.6 32.0
- 29.3
15

BS40 +0.5Mg +1.0Mg +1.5Mg

B-phase fraction (%)
N
(&) ]
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Microstructural analysis on SPSed specimens

(a) BS40 (Cu-40%Zn) (b) BS40 +0.5%Mg
mm a-phase
= B-phase

Increase of Mg content

(c) BS40 +1.0%Mg (d) BS40 +1.5%Mg -

Increase in area
fraction of B phase

CuZnMg Mg; B stabilization
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Microstructural analysis on hot extruded specimens

* CuZnMg (1:1:1) IMCs precipitation during cooling from 815K to R.T.
* B phase fraction increasing with increase in Mg content
* Refinement of grains & IMCs in a&[3 phases s a-phase © B-phase 0 CuZnMg

I} 1)
]

(a-1) BS40 (Cu-40%Zn) (a-2) BS40 +0.5%Mg (a) BS40 (Cu-40%2Zn)

(b) Cu-40Zn +0.5%Mg

I
1 (c) Cu-40Zn +1.0%Mg b
I

(d) Cu-40Zn +1.5%Mg |
A S,

Intensity /a.u.

LA
A. jﬂmmM/J

20 25 30 35 20 45
Diffraction angle, 260 /deg.

P TR ]

(a-3) BS40 +1.0%Mg (a-4) BS40 +1.5%Mg
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Microstructural analysis on hot extruded specimens

(a) BS40 (Cu-40%Zn) (b) BS40 +0.5%Mg

mma-phase
= B-phase

35um 35um

(c) BS40 +1.0%Mg (d) BS40 +1.5%Mg

CuZnMg

35um 35um
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Microstructural analysis on hot extruded specimens

(a) Hot extruded specimens (b) SPSed specimens
8 40
¢ a-phase 35 |
S— 7% 6.38 0 f-phase € n| 1
o 8T Actp PR i
w5} 512 .UE) 20 | 1
c
E 4 1 % 15; ¢ a-phase
O3t = 3.16% 3-32§ 6 O 0 B-phase
o + 5t Ao+p
2 |
0 0.5 1 1.5 0 0.5 1 1.5

Content of Mg additive (mass?%) Content of Mg additive (mass%)

35um

Hot extruded Cu-40%+1.5%Mg SPSed Cu-40%+1.5%Mg
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Microstructural analysis on hot extruded specimens

8
7f638
EN %
) I
N 5 |
) 512
S 40 I
© 3
S 3| = 1 % 31[;25
3.16 [ 32 I
2 |
0 0.5 1 1.5

Content of Mg additive (mass%)

I Cu-40Zn+0.5Mg |
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Grain refinement mechanism of Cu-40%Zn by Mg additive

IMCs solid solution Hot extrusion Cooling
SPSed in pre-heating Precipitation in grain and at Phase transformation EXtruded
Solid solution and phase grain boundaries and B— a+B)
transformation /T \ dynamic recrystallization

of B-phase

o
) ) o))

a-phase a-phase
(with solid solution of Mg) B-phase
B-phase B-phase ® Precipitates ohase

(with solid solution of Mg)
@ Precipitates

Cu-40Zn+0.5Mg

Transversal cross-section of the extrusion direction Joining and Welding Research Institute, OSAKA UNIVERSITY



Mechanical properties of hot extruded specimens

600 = ~ 50
o 532 | 223 531 |,
© 350 é ! =1 T
s | 5 ; T {40 _ 360
E 464 31 i ! 135 é 340 | (c) CU-4OZn+1.0Mg’,,"'
5 450 | , : i laq & & o
= : 125 | Vo s I (d) Cu-40Zn+1.5Mg |27
2 400 |- | é | 25 ®© = 320 Y
- | p ! o g
= 30 300 ;326 i 3231' |28 g (b) Cu-40Z :ﬁ_‘
(7 | BE ! T i T - u-40Zn+0.5Mg .-’
g 300 |- i%/ : %]s14 :z §280 z
= % i | ' 7 260 | .7 k=506 MPa/pm2
! | ko]
200 L2 E 5 @ 240 [ . 402
BS40 +0.5Mg '+1.0Mg, +1.5Mg > . g (8) Cu-40Zn
600 oot 220
Cu-40Zn+1 OMJ] 0.35 0.4 0.45 0.5 0.55 0.6
o 550 |- (c) Cu-40Zn+1. dg.g "2 lpm 12
= 500 | - .
S Hall-Petch coefficient of conventional a-3
g P07 brass alloy with no additive:
(7]
I * k = 541 MPa/um-1”2
s b) Cu-40Zn+0.5M
_E 300 (b) Cu-40Zn+0.5Mg “E. Werner, H. P. Stijwe, Phase Boundaries as
g /' s Obstacles to Dislocation Motion, Materials Science
250 ineeri _ i
Z (d) Cu-40Zn+1.5Mg (a) Cu-40Zn and Engineering, 68 (1984-1985) 175-182.
200 ‘ ‘
0 0.1 0.2 0.3 0.4 0.5

Nominal strain, &
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Fractured surface analysis on tensile test specimens
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Quantitative microstructural analysis on BS40+Mg+Gr alloy

Additive Gr particles effect on machinability

; i i i : f )
Es_tlmatlo_n of Graphite particles area fraction Average of 6 images in analysis;
in matrix of extruded Cu-40Zn+1.0Mg+Gr
Gr content Area fraction of Gr
- = (%) particles in matrix (%)
0.5 1.84
Machinability dependence on microstructures, 0.75 2.76
in particular graphite dispersoids in matrix 1.0 3.68
1.25 4.60
\_ J
BSI Analysis result ? 0.06
T T T T T s . |
» 0.04 |
O R
© i
o 0.03 2
9
S 0.02 | o
g O Cu-40Zn+Gr
Ex. Area fraction of Gr particles in matrix: 4.82 % g 0.01 1 A Cu-40Zn+Mg+Gr
Number of dispersed Gr particles: 3,394 <

in case of Cu-40%Zn+1%Mg+1.25%Gr alloy 0 0.5 1 1.5
Gr content (mass%)
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Machinability evaluation of BS40+Mg+Gr alloy

TiAIN coated HSS drill

Diameter, D: 4.5mm (a) Cu-40%2Zn+1.0%Mg
Helix angle: 30°

f Point angle, a : 120°
# Rotating speed, N: 1140 (rpm)

# Cutting speed, V: 268.3 (mm/sec)
# Axial thrust load: 150 (N)
Specimen # Dry condition (no lubricant)

Measurement of drilling time for 5mm depth hole (b) Cu-40%2Zn+1.0%Mg+0.75%Gr

- Feed speed, F (mm/s); machinability parameter

0.9

A

08  a o (c) flMg+1.25%Gr
€ 06 | e e 3 T A
. 05 | g ® e (c) Cu-40%2Zn+1.0%Mg+1.25%Gr
%04 (D) +IMg+0.75Gr * 0 e
03 | @a et
7) ¢ 4 LA
8 02 | ‘ / ‘ ‘ ..... ‘
()]
w 0 (a) +1Mg

0 ! !

1 2 3 4 5 6 7 8 9 10
Number of drilling test, N
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Machinability evaluation of BS40+Mg+Gr alloy

L . _ (a) Cu-40Zn (b) BS40 +0.5Mg
« Machinability improvement in proportion (F=0.257 mm/s) (F=0.263 mml/s)
to volume fraction (density) of Gr additives
* Brittle CuZnMg IMC dispersoids also
effective for good machinability due to
origin in micro-crack initiation
12 (c) BS40 +1.0Mg (d) BS40 +1.5Mg
0 — 0 (F=0.291 mm/s) (F=0.322 mm/s)
E 4
E
L 08 |
3
Q 06 B
Q
5 04 B Cu-40Zn
8 N O Cu-40Zn+Gr
;).- 02 | A Cu-40Zn+Mg+Gr BS404-0.5Mg '
£ i

0 20000 40000 60000 80000 i

Gr particle density, mm-2
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Quantitative microstructural analysis on BS40+Mg+Gr alloy

_Extruded. Cu-40Zn+1.0Mg+1.25Gr

' R 1 1 _____ Reference (Cu-Zn-Si)
\ pa 500

SPSed O
4 [ Yoo S Conventional 0
CuMgZn = 40 F------- Yol Sintered
: AN v IR 2 M. | Green compact
- Graphite € 30 bocooo-- . ~—————
gt = é o )
2 \~‘.\O ~
NONE s 50KV X3000 WD 100mm  1gm E 20 immimmim i i ol Q --------
: : i 3 Reference (Cu-Zn-Bi) a
Transverse cross-section of extrusion direction s kb bty s PR 2 Y S
v 10 | - - - Reference (Cu-Zn-Pb) ~=- - - - - - - _
Applied load ; 9.8N
BSI —Mlddle brl htness — 0 : .
i} . g. BSI H|gh brlghtness - - ) o

Graphite Content (mass%)

COMPO  15.0kV
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® In using elemental mixture of Cu-40%Zn alloy and pure Mg powders and
consolidating them by SPS and hot extrusion, B phase fraction increased with
increase in the content of Mg additives.

® At the same time, grain refinement of a and 3 phases occurred because
dynamic recrystallized grains never grew after extrusion by pinning effect of
CuZnMg fine precipitates dispersed at grain boundaries.

® The mechanical property, in particular yield stress, was drastically improved
by Mg addition of wrought BS40 alloys.

® Additive graphite particles were obviously effective to improve machinability
of BS40+Mg+Gr alloys because stable Mg-C IMCs were never formed during
consolidation by SPS and extrusion.
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