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Effect of Ni Addition on Corrosion
Resistance of Aluminium Alloys

Yuji Suzuki and Shigenori Yamauchi

Effect of Ni addition on corrosion resistance of aluminium, Al—0,3Fe alloy and 3003 alloy was

investigated by means of corrosion tests and electrochemical measurement in chloride solution.

Corrosion resistance of aluminium, Al—0.3Fe alloy and 3003 alloy are deteriorated by addition

of 0.005~0.01% Ni, which is attributed to active cathodic reaction on the surface of intermetallic

compounds such as AlsNi, AlsFeNi, Al—Mn—Fe—Ni compounds, respectively.

In acid chloride solution, the harmful effect of Ni addition is remarkable because the cathodic

reaction increases with the time due to the enrichment of Ni and Fe on the compound surface.

In neutral chloride solution, the harmful effect of Ni addition is comparatively small because

the cathodic reaction decreases with the time due to the secession of the compounds from the

matrix and to the coverage of the compound surface by the corrosion products.
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Tablel Chemical composition of sheet specimens. (mass%)

Si Fe Cu Mn Ni Others Al

Al+Ni 0.00 0.00 0.00 0.00 0.00~0.32 0.00 bal.
Al—0.3Fe+Ni 0.00 0.30 0.00 0.00 0.00~0.31 <0.01 bal.
3003+ Ni 0.28 0.60 0.15 1.2 0.00~0.29 <0.02 bal.
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Table 2 Summary of EPMA, EDS and electron-diffraction
analysis of compounds in sheet specimens.

Methods of analysis

Specimen [y
Electron-
EPMA EDS diffraction
A1—0.3Ni |Al—Ni Not analized AN
. AlzFe
Al—0.3Fe |Al—Fe Not analized
(ALFe)
Al—0.3Fe ‘ Al—Fe—Ni .
~ |Al=Fe—Ni . AlFeN1
—0.3Ni (Fex~N1i)
a —AlMnSi
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a — Al(MnFe)Si

Al—Mn—Si
Al—Mn—Fe—Si|Al-Mn—Fe—Si Not
5003 0.3Ni | Al— Mn—Fo—Ni | Al-Mn-Fe—Cu=8i| .
analized

Al—Fe—Ni Al-Mn—Fe—Ni

Al~Mn— Fe— Cu—Nj

Table3 EPMA analysis of intermetallic compounds
in compound specimens. (mass%)

Ni Fe Al
Equilibrium 42.0 - 58.0

AN | Compound | 50 |~ | 0
Matrix 6 - 94

Equilibrium - 38.2~42.1| 57.9~61.8

AkFe | Compound | — | a | B
Matrix - 4 96
Equilibrium 4.5Fe,28Ni~14Fe,18Ni  bal.

. Compounda | 10 | % | s
Compound b 33 9 58
Matrix 6 0 94
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Fig. 6 Cathodic polarization of sheet specimens
in 5%NaCl (pH7) solution.
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Fig. 7 Cathodic polarization of sheet specimens
in 5%NaCl (pH3) solution.
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Fig. 1 Maximum pit depth of sheet specimens
after SS test for 336h.
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Fig. 2 Maximum pit depth of sheet specimens
after AASS test for 336h.

02

1 S EEEE] 1 Ll 1 L1LLL 1 Lt 1 131)
0 45

0 0.01 0.1 1

Ni content (mass%)

Fig. 3 Maximum pit depth of sheet specimens
after CASS test for 186h.
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Fig. 4 Corrosion potential of sheet specimens
in 5% NaCl (pH7).
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Fig. 5 Corrosion potential of sheet specimens
in 5% NaCl (pH3).
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Fig. 10 - SEM observation of surface around AlaNi compounds
in Al—0.3Ni alloy after corrosion test (before removal
of corrosion products).
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Fig. 11 SEM observation of surface in Al—0.3Ni alloy after
AASS test (after removal of corrosion products).
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Fig. 12 SEM observation of surface in Al—0.3Ni alloy after
SS test (after removal of corrosion products).
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Fig. 13 SEM observation of surface in Al—0.3Fe alloy,
Al—0.3Fe—0.3Ni alloy after corrosion test for
24h (after removal of corrosion products).
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of corrosion products).
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Properties of the EMC Slab and the Rolled
Sheets of 5182 Aluminium Alloy

Norifumi Hayashi, Koushi Nagae, Hideyuki Uto and Masaru Nagayama

Casting of the 5182 alloy by an electromagnetic casting (EMC) process was carried out. The
slab size was 510mm X 970mm X 3000mm. Casting by the conventional direct chill casting (DC)
process was also done. The properties of the slabs and the hot and cold rolled sheets were studied
and compared between the two processes. The results obtained are summarized as follows :

(1) The surface of the EMC slab was very smooth and bright, whereas that of the DC slab was
rough because of sweating.

(2) The dendrite arm spacing within 20mm from the surface of the EMC slab was smaller than
that of the DC slab because of the high cooling rate of the molten metal.

(3) The segregation layer of Mg, Si, and Fe in the EMC slab was thinner (within lmm from
the surface) than that of the DC slab, and the concentration of the segregation element (mass%)
was lower than that of the DC slab.

(4) The slab thickness between 600 and 3000mm from the bottom was nearly constant in both
processes.

(5) The corner radius of the cross section of the EMC slab was about 50mm, whereas the corner
radius of the EMC coil or screen was 2mm. On the other hand, the corner radius of the DC slab
was about 10mm and nearly equal to that of the DC mold. It appeared that the high flux density
at the corner had an effect on the larger corner radius of the EMC slab.

(6) The hot rolled sheets from the EMC slab had few edge cracks. On the other hand, the hot
rolled sheets from the DC slab had about 3mm deep edge cracks.

(7) The cold rolled sheets from the EMC slab (nonscalped, 5mm scalped) and the DC slab (10
mm scalped) hardly had any differences in their surface quality and tensile properties.

B4 Ickd 7N =9 L RUZTOEEHFHROEERE,

1. & BAHEIS0OF v A IGELTBY, SBE LN

BRiSE (Electromagnetic Casting, 2AT EMC & SEAERE TV, oMk, FICSHIRER &N
fo BB A U, fjEk o DC ## (Direct Chill Casting)
T BREERETIERIAR CPRZELIA, R RR i s E, FOT, SR ORKC VB &R

il

) TR gz - Lo o
.. TR 7 o & AT b % _*ﬂf?éft,ﬁ £ DIHERITHEN STV B,
.k % 4, R R T A RS WIJZ.{J, Meier 52 &, 2024, 508344 A 7 7 %6063,
e FRET TS AR 05G4 L Ly b OERETV, SFREREAATRE TR
*xwk Fh ERELE R A BERIRES D5 EPEEECHEISBE TS 7 L E2RE
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Table1l Chemical composition limits for
5182 aluminium alloy. (mass%)

Si Fe Cu | Mn | Mg | Cr Zn Ti Al

0.20 ~|4.0~
0.20 | 0.35 | 0.15 050 50| 010 | 025 | 0.10 | bal.

BEEEE % Fig. 1107k d, EMC @ DC 858, A4 o
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IMOmmUTHI OB SEB SN B HRET T - TV B, it
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Ny 7B EILEDBEMES BRI YTV S,

—7, DCERIE, 731 8Tc8mm, HFHoEs A
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BB HEEED0% T, RECHEHEL THEE $85mm T
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LiEY, SEE X M00mMm TEE KB L2 L HHE
Lo BEMBEMLLE LT, BRERB CNERHESE
PHEERTE S LD 31 VEFTO0A, Fiz#2800Hz &
Lt. DCEE T, SREREH OB 2 EHE D50%
T, EEHBERSGEESI0mmh OB o B5ME L,
F 7o, WHUKER SERBRE L 0 —F & L,

Stk BEME D 254 X4 v I AEYM LTIk
FEB NPT Lo TOE EMMER 514 X
2, 235 FiEAEORRN S, BEHE2 5 1 213,
AR RS © F N F N500mm DL T L 720

1

Servo motor

Flexible
shaft

Controller

]
—1
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[ ]

Ball bearing 5

&
/

Cooling
water

1 %Launder
Mold
VA

] i
\\ 2 ~% )
:\NIBI*térT_rﬁétal
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water

Bottom block
= J
(b) DC

Fig. 1 Schematic drawing of EMC and DC.

Table 2 Casting conditions for 5182 alloy.

Item EMC DC
Casting speed (steady) 1.0mm/s 1.0mm/s
Cooling water (steady) 8.31/s 101/s
Casting temperature 973K 973K
Coil current TO00A -
Frequency 2800Hz -
Flux density (near coil) 0.07T -

2.2 [FHERER

it A BREROEEY 2V Ty, EE
HZEHIL 7 EMC #, DC#, #EHHlo EMCH#ic2W»
THT» 12 DC T I3 LT © fil i il & HEI L 7o
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EMC M O, 783 £ TiTy, oKD

HEES REERETEE b mmTH -2, £/, DC Homogenization 500°C X 21.6ks
MOFER, MEOmEIZES 3, ThehEBREE TI0 l
mm, bmmé& Uiz, HHIEDO EMC#MEUT DCHMOE Hot rollin Reduction in
e s . " £ thickness : 99.5%
ETFE% Fig. 210K T, HEVLER OBMEIELER, & 7
AT &R & 3 7 v 7 o O FIFIEE A W TIT \Il Reduction in
WV, 2 O%RAR Y v 7 LT TRAIE0. 3mm & T Cold roling thickness : 87.5%
L7, HIFE, DifEtk, ES1000mmobtE s L,
— A F M BT gy T E L. — Stabilization 185°C % 5.4ks
3. i%ﬁ?% & %ﬁ Degreasing

3.1 SHRARE L

Fig. 3 (KF) 1= EMC R0 DC #E O FE AL T W 7 14135 Cutting 1000mm length
MoOFBMILBEE /R, DCHTI, Itk 5—K

W & EIKIT & B ZIRIGEITER O BEHE DTS B 7
B, —IRIGEIRICSHHAARIC & 2 RITEHRZLE L5,
EMC#MTid, —IRIGHB B Wb FFSEHRET Y,

Fig. 2 Rolling process of EMC and DC slab.

SEETHERO S AERMBEBONS Z EDMRS N, DCH OB ERIT IS 7o~ s — VAR S,
SBIE R CHERNIE D 1 7 o % Fig. 4 IR T, FUBEPENLHEIEFEC YV T TEF Y FSA b

L 200pm

Fig. 4 Microstructure of EMC and DC slab.

10



Vol.34 No.l

EHISFEIC X 251827 3 = 0 A SEBIR U FFEEM © GBS

EMC

(b) DC

Fig. 3 Comparison of EMC and DC slab surface.
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B, WIFNbEEES S I mmkiB T, ho, KEE
ThH5T ENED SN,

Fig. 4 ~6 OfERH» 5 EMC H T3, DCHM LB U
EEE T, DIV HIKR T & SEBURT O B EEE 25 7S
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Fig. 5 Distribution of dendrite arm spacing.
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Fig. 6 Segregation in EMC and DC slab.
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Fig. 7 Distribution of slab thickness in longitudinal direction.
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Fig. 8 Distribution of slab thickness in lateral direction.
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Study on High Performance Heat Transfer Tubes
for Generator of Absorption Chiller

Naoe Sasaki, Tadashi Nosetani and Haruo Tanaka

This paper presents boiling heat transfer performance of four kinds of finned tubes for genera-
tor of absorption chiller utilizing lithium bromide solution-water as working fluid under the con-
ditions of 58mass% concentration of lithium bromide solution and 5.3kPa equilibrium pressure.

Finned tube MF11—3.2 with a fin pitch of 2.15mm and a fin height of 3.05mm exhibited the
highest heat transfer performance of all the test tubes, and its boiling heat transfer coefficient
was twice as high as that of bare tube. As far as the fin pitch is up to 2.15mm, the wider the fin
pitch becomes, the higher boiling heat transfer performance is obtained.

As the fin pitch increases, it seemes that steam bubbles is easily detached from the space bet-
ween fins and that feed of weak solution entrained with the bubbles into the space is accelerated,
resulting in the higher heat transfer performance.
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R, : Heat transfer surface area ratio
A, : Heat transfer surface area of
each heat exchanger
A, : Total heat transfer surface area of
absorption chiller.
Fig.1 Simplified schematic flow diagram of a

single stage absorpion chiller.
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I L KSR E L, BAROEAENICE,
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16

Bourdon tube T
pressure gauge To

Cooling
water
tank

Cc;:nd;ensier
ST

Test tubes

Measurement )
T; . Temperature in generator

P, : Pressure in generator

7, : Temperature of LiBr solution

C : Concentration of LiBr solution

T, : Temperature of hot water

F, : Flow rate of hot water

T. : Temperature of cooling water

F. : Flow rate of cooling water
Second subscripts

1:inlet 2 : Outlet

a: Upper b:Middle c: Lower

Fig. 2 Schematic diagram of experimental
apparatus.

Tablel Experimental conditions.

Inlet temp.
. 30~98
T CO
Hot water
Flow rate 0.33
Fh (kg/ S) '
. . Concentration
LiBr solution 0, 58
C (mass)
Pressure P (kPa) 5.3

EEALM % Tablel KR, FIEOFERNES, &
&%ﬁ&@ﬁmﬁimﬁbf,ﬁmkuﬁﬁmm~%@
Lt BB, HEEonicy = VllFKE LTHIK S
AW\,

BstinGE O~ Te A Table 2 (R T, HEREEE
i, EBEE X500mm, AR (7 4 YAEIK2VTR
7 4 VERAR) 19.0mmTH B, PEREEE O 5 B
% (Bare) 1, PEkoEREER BV TN
KHWOLNTELbDTHY, AN TCRIEEL LT
BELtzo 7 4 YAPE LFI9KR U LF26 &N Lic &
NELNELDTH B, 74 vIEMFILbEENLIC
YnELNLDTH BN, LY FV LRI O B
P R BVE A BN EER S N A SR - SRR
k2 EEPLESE R A MET 5 BT, LF19KX U LF26IC
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Table 2 Specification of test tubes.

4. RBERRUER

Tube Appearance Dimension 4.1 RS
Bare tube g"zigg BAESA Y = MUFRAERICHKkE B O & & 0S8tz
R,=1.0 HEOBBHRE Fig. 3 (@) 1T, 58mass% &4ty
(Bare) LKA V1o & & o ibsEhiR % Fig. 3 (b) 1R T,
M 3iR» ok 72 g=a+ AT DEKa, b%
Finped tube Doz189 W L7 v = MUREOTEICB b &3 b 36
o. Y 1e . — SN -
Di-162 LA5D OEIARLTED, KRR LRI T T
(LF26-1.3) R.=35 bt T &R B,
b —100 BALY 7 9 £OKEEH % B O 7o BBIESERR T & hu i ek
Finned ube Dl B & AT T b7 BB & O
’ Dy=16.
- P=130
(LF19-1.3) FOLY: .
100 {. T T | T T T i If T T M
Finned tube B"ig? f o g=alany? /MT_Q-_O:
No.3 D,=146 T @) : =177 ]
(MF11—2.0) Pi=215 [ Lrio-13 8 ]
: R.=23 - I —ar.zof\ Y |
£ L b=154 . Bare
~
Finned tube g"z%g? E a=008
No.4 Dy=12.9 T AN 18 -
P?=2.i5 o - A;/ LF26—1.3 :
(MF11-3.2) 250 E - g ]
+ 5 - ]
D, : Outside diameter (mm) 3 B b
D; : Inside diameter (mm) T R
Dy : Fin root diameter (mm)
P; : Fin pitch (mm) L .
R, : Surface area ratio
(=Real surface area.”Base heat transfer area) Distilled water
1 L T B T R | L L
2 5 10 40
AT 4 vy FRU7 4 VESEREL LTV S, Wall superheat 4T (K)
(a)
3. FF M H & 100 ————rrr _
3.1 BURER L g=a- (4T ]
FAESR Y = VIIORIL Y F v &Kk E b S ¥ 2 72 >0 1L s i
oI BTSSR g 13, (RAVENE M B UKD AT T ;? 223
EEEED SRR THEET 5o E [ bm2% AS ]
g=c,* Fy (Tn — Tw) /A (1) z /‘ ¢
7 4 ATEOEMIER A1, 7 4 v EAEE R L o 10F A E
TEAEBERROBEARERERV 5, 3 C ]
3.2 (RREEEmBRE 5 0 wriied 3]
REVEREHRAE AT B EEENER L v = VHIRAL T - a=0.046 a=0.003
Y F o LKBHEOREED D RR TERT 5. I b=2.49 b=330 |
AT = _TW el ) (2)‘ 58mass% LiBr solution
RREARTRE T &, REENEERELERNOE 13 : é - '1‘0 . T —
KRB E % L0 & 0 S IED b & KK CRET 5o *0
Tw=T.~ {Dy+In (0;/D)/24} +q  (3) Wall superheat 4T (K)
3.3 HMREEE ®)
(%%% BURER 113, BPER g LERREEREBRE AT Fig. 3 Relation between wall superheat and heat flux.
P ORATERT 5, (a) Shell side fluid : Distilled water
h=gq,/ AT (4) (b) Shell side fluid : 58mass?; LiBr Solution
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BEEWEEEA R L TV ADISHLT, TI60F + EF 4«
RS EREEOMRE LR L TWIEL, B{EY F
v AIKIEHED K S SRV TRIERS O K & BRI
L OB SR B T 5+ + ©F « BEEHVIES,
IZ BT O B AR « S ORI & - TReHE
HbBNTLES Iew, F v EF 4 Ik BREERIEROR)
BAREINTOHDOEEZ OGNS,

100
70

40

20 Charters et al. |5A== Y
: <C=56.5mass%> S
P,=9.3kPa TR e

Ishibashi et al,

7 = Kunugi et al. el <C=55mass%>
<C=60mass%> = \P,=9.3kPa
4 P,=6.0kPa = T

e

1L

Heat flux g (kW/m?)
o

Ohnishi et al. [f:
<C=55mass%>
P,=9.3kPa

0.4 L= R e & e e R et R P S S H B o |
20 40 70 100

Wall superheat 4T (°C)

Fig. 4 Comparison of the present data and the
reported previously®7910),

Table3 Specification of heat transfer tube reported
previously.

Authors Material | . [NumberDiameter| Length
Direction

(Curve in Fig.4)| (Surface) of tube| (mm) | (mm)

Ohnishi et al.¥| Copper

Horizontal 1 19.9 150
(= )| (Smooth)

Ishibashi et al.”| Brass

Horizontall 1 15.8 145
(== = =) (Smooth)

Charters et al.” | Copper

Vertical 1 16.0 250
(mmemmamenna ) (Smooth)

Kunugi et al.l®

. _Horizontal 118 19.6 1800
(= = = =) (Cavities)
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Fig. 5 Relation between heat flux and boiling heat
transfer coefficient.
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Fig. 6 Tlustration of babble formation from
neighboring fin wall. (a) High fin height
and wide fin pitch. (b) Low fin height and
tight fin pitch.
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Effect of Fin Surface Treatment of Heat
Exchanger on Defrosting Behavior at
Heat Pump Operation

Tsukasa Kasuga, Akihiro Kiyotani, Yoshio Sato and Tadashi Nosetani

To cope with the deterioration of heat transfer performance due to the local frosting on fin

surface of the air-sourced fin-tube heat exchanger and,“or the retained water followed by de-

frosting operation, some kinds of surface treatments were studied with respects to the working

time as the evaporator for the heat pump operation, the retention and the quantity of the water,

and the air pressure drop of the evaporators under a dehydrating condition.

Three heat exchangers (A, B and C) were made of three kinds of hydrophilically pre-coated fin-

stocks with contact angles of 15, 25 and 40 degrees to water, respctively, and another one (D)

was obtained from the 15 degrees fin-stock, combined with the hydrophobical treatment of the

outsides of fin collars.

It was verified that the fin stock with lower contact angle was more useful as the material for

the air-sourced heat exchanger. The heat exchanger D suggested a model for the more enhanced

heat exchanger.

1. ¥ El

FEORERZEHBOERE, HEELVLOIE S
P, oz o, BEAMHATAREL - Ry TRV -
AT VORBREE > TWAIEPEHENS, C
iz, KEOEEL, ®ehor Y- v T, FRIC
TEXRLEIWELBBDTH %,

BEBMFEOL — P R Y THRN— LT I VOEE, B
B O B/ MR, 74 YRADERIC X
D EGHMEREME T T 5120, HBREERIETT S
L REEE AR s, oM, BEERSELT 2,
RS E T anic, FTF, BF% - REEME

* (LT3 ARRKIIRS (19914108, 7 « ZEMD,
RO 2 B HSBTHE4E (199245108, R« dUuim)
THRE

v HNBIFE A LR

Bearh e S B 9L

cerr gL BRRETREAE R, T¥Et

* % %

20

5 BES L DI Y A 7 VESE{LOTIED T ®, 74 v
FEANET B Lk, B  REELZUET L0
EED SN T VD, REMEIC X 2HRGTEELT,
B Bk R A L, BB LIS LT
FEEiEEEAE TAHESEA LN DY, EHICE
TS TR, —7, BBaic Bk ERTLE 25 L
BRFER OBSIBOFKBRERDS R EICLD, B
EEiEmAE TAAESBEY O N, ERHis T
W3,

AT, e oRMUE Y « YHERY, BE (F
BbbER Bk UCREEY 1 7 VET- 1550,
FAEEOREE ATV, FKBOERICHR)EREmLE
FHHEOBREE1T - 1,

2. & B F &K

2.1 B
HECH W BGIRB L, TD 7 4 YREDOKDENM




Vol.34 No.l

ZERAB BB ORI RIZT 7 4 EEMBE DY 21

Tablel Surface treatments of experimental heat exchangers.

Table2 Geometries of experimental heat exchangers.

Mark Surface treatment Contact angle (*)
A Hydrophilic 15
B Hydrophilic 25
C Hydrophilic 40
Hydrophilic 15 (Fin)
D +
Hydrophobic 100 (Fin collar)
NT No treatment 80

Fin(hydrophilic)

Fin collar
(hydrophobic)

Copper tube

P

Fig. 1 Heat exchanger D.
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Tube diameter : 9.52mm
Tube pitch : 25mm

Type : 1—row, 12columns

Fin surface

configuration : Smooth Fin thickness : 0.10mm

Size : W300X H263X D21.6mm | Fin pitch : 1.5mm

Single row

ug/ﬂ

12
columns

Fig. 2 Experimental heat exchanger.

Heat Mixing  Punching
exchanger nozzle  plate Nozzle Fan
1Y =)
Air flow : =
=>®® ot b =
F
Flow %QTD)
meter
Brine Manometer Manometer
tank

Fig. 3 Measuring apparatus system of heat flow.
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Table3 Experimental conditions for frosting and defrosting.

Table 4 Experimental conditions for dehydrating operation.

Temperature 2.00.5C
Ambient
Humidity 855%
Inlet o
—8.0+0.5°C
Brine temperature
Frost
Feed rate 540kg/h
Frontal air velocity 1.3m/s
Working time for Until pressure drop
evaporator reaches to 68.6 Pa
Inlet N
36°C
Brine temperature
Defrost -
Quantity 1dm?®
Defrost time 3min
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Temperature 27+1.0C
Ambient
Humidity 50£5%
Inlet
5.0£0.5C
Brine temperature
Dehydrate|
Feed rate 540kg/h
Frontal air velocity 1.0m/s
Operating time 6h
Pausing time 2h
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Time {(min)
Fig. 4 Examples of the changes in air pressure

drop, the flow rate of air and the rate
of heat transfer.
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Fig. 8 Changes of the amount of the frost in the heat
exchangers after the fresting operations.

(Hatched parts show the amount of water retaind

in the heat exchangers after the previous

defrosting operation.)
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A Magnetostrictive Rod Driven Pump

Masahisa Naoe and Satoshi Nakamura

The high strain and force properties of Tb—Dy —Fe alloys are attractive for their application

to actuators. Therefore, the effort to use a Th— Dy —Fe giant-magnetostrictive polycrystalline

rod in a small sized diaphragm type pump driver has been made. The driver has a helical precom-

pression spring, magnetic field biasing magnets, a current supply control drive coil energizing the

rod and a cantilever for rod movement amplification.

The resulting mechanical motion of the driver provides highly precise feed control, high Pres-

sure fluid feeding and various kinds of feed modes to the pump. This report presents the charac-

teristics of the rod, and the cofiguration and performance data of the pump.
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Small Aluminium Fishing Boats

Katsuzi Takeuchi

The current trends in the constructin of small aluminium fishing boats are described as for the

structural materials, structure standards, important factors and justification of ship building.

One of important effects due to the application of aluminium alloys to ship structures is weight

saving. This effect will be further emphasizes by using the extruded shapes which reduce welding

processes and time-saving, and the examples used to the hull construction of small fishing boat

are presented.
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The distribution of hydrogen in aluminium and aluminium alloys is reviewed with focusing on

the origin of porosity in castings, the threshold hydrogen content for pore formation, and the

mathematical prediction for porosity formation, from recent developments. Also, the effects of

hydrogen are reviewed how the hydrogen affects on the mechanical properties, the surface blis-

tering, and the hydrogen-assisted fracture of the aluminium alloys.

3. Distribution of hydrogen in aluminium
and aluminium alloys

3.1 Origin of porosity in castings

In the examination of the consistancy of
quality and mechanical properties of alumin-
ium and its alloys there are significant fac-
tors to consider. It goes without saying that
the first concerns the presence of definite de-
fect, what is commonly called micro-porosity
or more precisely interdendritic porosity,
arising especially from the hydrogen gas
which takes place during the casting of the
ingotsV ¥~ The extensive research con-
cerning porosity formation in aluminium and
its alloys has therefore been taken up to the
subject of very large number of papers of
metallurgy?~?0~®8 and of fusiom welding®
alike over the last seventy years. The second
arises from the presence of inclusions of
oxides, and so forth®™™®®® Tt has suggested
that oxide particles may play a significant
role in nucleating bubbles®’ and may occur
together with porosity™*®%,

By the explanation of Talbot?, Poirier, Yeum
and Maples™, and Fang and Granger™ from
among many, the origin of porosity during
solidification is generally attributed to the re-
jection of hydrogen gas from solution because

*  Partl : Sumitomo Light Metal Technical Reports,
33 (3] (1992, 189.
*+ Technical Research Laboratories
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of the marked change in the solubility of hy-
drogen at the freezing point of the solidifying
metal or alloys?~®'®  Thereat, once the hy-
drogen concentration reaches the solubility
limit, the hydrogen atoms may be assumed to
recombine immediately and nucleate on low
energy sites such as dendrite arms or inclu-
sions.

Figs. 9 through 11 show schematic diagram
of higher-order arms or plates of dendrites
which the terminology was defined by Bower,
Brody and Flemings®™, and the depiction of
the solidification of the final transient in the
absence of feed metal to compensate for solid-
ification shrinkage which was depicted by
Maples and Poirier®, and also the growth
process of porosity formation which was illus-
trated schematically by Kubo and Pehlke®’,
respectively.

Among the concept of porosity formation

~discussed by Kubo and Pehlke™, the growth

process of porosity formation is ascribed to :

As shown in Fig. 11 (a), gas porosity nucle-
ates initially at the roots of the secondary
dendrite arms. The free energy change on for-
mation of porosity AG is

AG = V(PG *P) +A 10+ Ar0c—A10q (32)
where V is the volume of porosity, P: and P
are gas pressure and metal pressure, A: and
A: are the areas of solid —gas and liquid —gas
interfaces, and 0s, 0wc and ou are solid —
gas, liquid —gas, and solid —liquid interfacial
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Fig. 9 Schematic diagram of dendrites, showing terminology®®.
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Fig. 10 Solidification of the final transient : (a) when dendrite
tips reach the center of the ingot and (b) somewhat
later when pores develop along the centerline®®,

%%é@

Fig. 11 Growth process of porosity formation®®.

energies, respectively. AG of gas porosity
formation at equilibrium is zero. The first
term on the right side of equation (32) repre-
sents the free energy change in going from
liquid to gas porosity, and the others repre-
sent the excess free energy changes which
necessiate to form the gas porosity surface.

In homogeneous nucleation, because the ef-
fect of surface energy is reduced by Aioa, the
gas porosity nucleates easily at the location
of the roots of secondary arms without the
requirement of large negative pressure for
the nucleation.

As the solidification proceeds, the gas, that

40

is, the concentration of hydrogen dissolved in
the liquid rises rapidly. When it exceeds the
saturated solubilities, some of rejected hydro-
gen gas will be grow both in the liquid and in
the solid immediately. The radius of the po-
rosity grown enough overcomes to the contri-
bution of interfacial energy, so that the de-
tachment of the porosity from the roots of
dendrite can occurs, as shown in Fig. 11 (b)),
with the aids of buoyant and convection forces.
At the stage which neighboring dendrites
collide, the growth of the porosity may occurs
to compensate for solidification shrinkage
where interdendritic feeding becomes difficult
as shown in Fig. 11 (¢).

3.2 Threshold hydrogen content for pore

formation

Talbot and Granger*’, Talbot”, and Altenpohl*’
have reported the generation of two very dif-
ferent kinds of porosity which has distin-
guished by the terms (1) interdendritic (or
primary) porosity and (2) secondary porosity.
As shown in Figs. 12 through 14, the former
generates during solidification described in
Section 3.1 and the latter in the solid after-
wards. Both kinds can have important effects
on the cast aluminium and its alloys or on
those products®*.

Recently, Fang, Anyalebechi and Granger™,
and Fang and Granger®™ have introduced their
observations as for porosity formation cited
in the literatures in which being inclusive of
both their experimental works™ and physical
and mathematical formulation works for
prediction of pore size”’. There have been
five factors which control the formation and
the amount of porosity, i.e.,, (1) processing
variables, (2) grain refining, (3) alloy chemis-
try, (4) hydrogen concentration, and (5) in-
clusion content™®. Figs. 15 and 16*® show the
typical morphologies of pore in non-grain-
refined and grain-refined castings of the Al—
4. 7wt % Mg alloy which was selected because
of its similarity to 5182 alloy, and in grain-
refined casting of A356 alloy with or without
strontium modification refered to the cooling
rates of 7.6 and 2.6°C+s™, respectively. The in-
terdendritic nature of the pores is observed,
on Fig. 15, that in the non-grain-refined cast-



Vol.34 No.l1

Hydrogen in Aluminium and Aluminium Alloys (Part2) 41

ing of the Al—4.7 wt% Mg alloy pores are
located either at grain boundaries (the big
dark area on the upper left corner of picture
(a)) or on cell boundaries (the rest smaller
smoothed dark area in the same picture).
The pores in castings of A356 alloy seen in all
conditions are more or less equiaxed in shape,
and are located in between the primary den-
drite arms, that is, in between the equiaxed
grains as shown in Fig. 16.

They™ have performed these experiments
on the alloys which solidified unidirectionally
into the rectangular molds with an inner di-
mension of 2.6cm X 8.0cm X 30cm and 2.5cm of

wall thickness, and have drawn the following
conclusions from quantitave and qualitative
investigations :

The effects of solidification variables on po-
rosity formation in Al—4.7wt% Mg and A356
alloys have clearly shown that grain refine-
ment in either alloy reduces pore size as well
as the pore volume fraction, and that in ei-
ther alloy as cooling rate increases the pore
volume fraction and the average pore size de-
crease for a given initial hydrogen concentra-
tion. Also, A356 alloy modified with stronti-

X 1500 x 500
x12
Fig. 13 Primary porosity in continuous casting ingot
Fig. 12 Interdendritic porosity in an ingot of of pure aluminium, resulted in hydrogen
99.2wtos ALY, precipitation®®.
* ® )
R sl i
2 L5
& .
L 8
o e
- Q .
e . &@;‘: glee T B
e N ¥ie
. v @ * @
iy N w
" . N wﬁ*, &
. a , . ¢
" a4 2
l): ;
X330 X85 X85
As-cast Heated for 14.4ks at 550°C Heated for 57.6ks at 550°C

Fig. 14 Growth of secondary pores in ingot of 99.99wt%
pure aluminium electropolished microsections 944,

41
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(a) non-grain-refined (b) grain-refined

200um

Fig. 15 Typical morphology (electroetched) of pores in
castings of the Al—4.7wt% Mg alloy 5.

um yields a higher pore volume fraction and
larger pore size compared to the alloy with-
out modification. The quantitative aspects in
above facts will be dealt with on following fig-
ures.

As described in the above, the quantity of
porosity so formed depends not only on the
hydrogen content of the metal, but also on
the rate of abstraction of heat i.e., the ther-
mal gradient, and on the freezing range of
the solidifying metal and so forth. The influ-
ence of these factors has been assessed from
the quantitative results reproduced in Figs. 17
through 22, and Table 5 which has summarized
the values of threshold hydrogen content
(below which porosity is zero) for porosity
formation along with experimental details,
taken from various sources? O~ ® M

Naturally, these figures have the meaning
which is to define the hydrogen levels necessa-
ry to avoid porosity formation during the
solidification of aluminium base alloys. The
porosities in metal and alloys have been deter-
mined and expressed the results in the form :

Theoretical

Actual
density

~density

Theoretical
density

Porosity (vol%) = %100

Anyway, it has remarked that there is no
clear distinction between gas porosity and
shrinkage porosity.

The effects of the various factors can be ex-
plained on the assumption that the hydrogen
is initially codeposited with solid metal and is
then rejected into the adjacent liquid by diffu-

42

(0)

§ o
o .
Lissampan

) Chemical composition (wt%%) Hgg{éﬁin
Casting (at (STP)
Al Si Mg Fe Ti B Sr /g
£92  bal. 698 041 007 0.019 0.0006 — 0.31
#5 bal. 698 041 007 0.019 0.0006 006 0.31

Fig. 16 Typical pore morphologies (as-polished) for the
grain-refined casting (#2) of A356, and (c) and
(d) for the grain-refined and strontium-modified
casting (#5). Pictures(a) and (c) refertoa cooling
rate of 7.5°C/s, while (b) and (d) of 2.6°C/s *.

sion across the boundaries of the growing
dendrites. According to Ransley and Talbot™,
and Jordan, Denyer and Turner*, in a large
semicontinuously cast duralmine type alloy in-
gots, interdendritic porosity is distributed
across the ingot cross section. In very pure al-
uminium® which has no freezing range, little
porosity is formed except at high hydrogen
content, and indeed for semicontinuously cast
aluminium it is scarcely detectable as shown
in Fig. 17.

Whereas, for the lower-purity grades of alu-
minium and many of the common alloys, the
last fraction of the liquid to solidify is eutec-
tic? ™ Since this solidifies at a single tem-
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or Line Alloy Reference
A 99.99wt 26 Al 4,41
B 99.8wt 2% Al 4),41)
C 99.2wt %6 Al 4,41
Dr } Duralmine type Al—4.5wt%Cu 94D
Dy* 43),49)
E* Al—4.5wt%Cu—0.65wt % Mg ; 28cm diam. 43),49)
F* } ;12.7cm diam. 43),49)

G 99.5wt% Al 45)
H 99.2wt% Al 45)
I* Al—8wt%Si 49

* By Thomas Gruzleski®®, the experimentally deter-
mind values in each case were analyzed using a
linear regression technique and have been represented
as the best straight line fitted for each set of data.

Fig. 17 Relation between hydrogen content

and porosity for semicontinuously
cast ingots of aluminium and some
alloys.

perature, any hydrogen it contains is frozen-
in without producing porosity, as occurs with
very pure aluminium. The critical value of hy-
drogen content for an alloy may be thus inter-
preted as that value which just saturates the
final eutectic fraction when concentrated into
it in the manner described.

The discrepancy between the equilibrium
solid solubility of hydrogen in pure alumin-
ium (0.036cm?® (STP),/100g”, 0.050cm® (STP),”
100g : see Table 2 in Part 1) and the threshold

43

Hydrogen content (cm3®(STP),~100g of metal)

Curve

or line Alloy Reference
J* 40),49)
K * ]A1—4.6wt%Cu 40),49)
Ks 40)

L.* }99,2wt%A1 D.49)
Ls 1,4,42)
My }99.99wt%A1 4D),49)
M. 4,4

* See the comment as noted in Fig. 17.

Fig. 18 Relation between hydrogen content
and porosity for sand-cast bars of
aluminium and aluminium alloys.

value of 0.168cm® (STP), 100g found from the
porosity relationship (see the value found by
Ransley and Talbot® in Fig.18 and Table5)
can be ascribed to a supersaturation effect
after Ransley and Neufeld”. Any such effect
must be independent of the initial hydrogen
concentration in the metal because the linear
character of the relationship has been held.

As for the effect of cooling rate on porosi-
ty formation?**®®%  the quantitative experi-
ments by Fang, Anyalebechi and Granger™
have indicated that the threshold hydrogen
content at which a given pore volume fraction
forms, increases as cooling rate increases
and that a higher cooling rate gives a higher
threshold value as shown in Figs. 19 through
22.
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Fig. 19 Pore Volume fraction as a function
of hydrogen content at different
cooling rates in the grain-refined
Al—4.7 wt% Mg alloy®.
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Fig. 20 The threshold hydrogen content as a function
of cooling rate in the grain-refined Al—4.7
wt% Mg alloy at different residual pore
volume fraction , f, of 0.005, 0.01, and 0.02%45.

Many works have shown that where cast-
ing condtions are such that feeding of the in-
got is restricted, shrinkage porosity may oc-
curs even when the hydrogen content is very
low. Furthermore, it is very difficult to as-
sign a numerical value to this porosity, as it
is very irregularly distributed, being of the
mass-feeding or layer type.

The precise value of the threshold hydro-
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Fig. 21 Pore volume fraction as afunction
of hydrogen content at different
cooling rates in the grain-refined
A356 alloy 5.
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Fig. 22 The threshold hydrogen content as a function

of cooling rate in the grain-refined A356 alloy
at different residual pore volume fractions®®.

gen content is therefore thought to be diffi-
cult to ascertain accurately without carring
out a large number of quantitative experi-
mentsdl) 43) 49) 55) .

It is obviously supposed that in the alloys
which have contained any hydride forming
elements described in Sections 2. 2 to 2. 49~
there are no porosity formation at acceptable
hydrogen content.
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Table5 Threshold hydrogen content values for porosity formation, and experimental details of various investigations.
) Threshold .
Casting Correlation
Work Alloy . hydrogen content o Comments
conditions 3 coefficient
(em®(STP)/100g)
0.169*W 0.666* See Fig.18
Metcalfe'® | Al—4.6 wt % Cu| Sand cast 0.099* 0.966* Bars of 2.5cm diam.
0.091 with probable error of 0.026
Ransley 0.117* 0.998*
N 99.2 wt % Al Sand cast Bars of 2.5cm diam.
et al. 0.12
99.99 wt % Al Sand cast 0.168*2 0.873* Bars of 2.5cm diam.
99.99 wt % Al < 0.5 See Fig.17
Ransl i-
ans ez) 99.8 wt % Al Semni < 0.3 Ingots, 15X 3.75cm cross-section
et al. continuously
9.2 wt % Al cast approx. 0.17* *
Al—4.5 wt % Cu 0.167* 0.963* Ingots, 15X3.7em and also 75X 2em cross-sections
Jordan Al—4.5 wt % Cu Seri- 0.119* 0.891* Ingots, 2Bem diam. X 112em cross-section
@ 0 éS o continuously
et al. 60wt %6 Mgy o 0.141* 0.997* Ingots, 12.7cm diam. X 3L.7em cross-section
9.5 wt % Al | Continuous | awor 0.21
Altenpohl 45) . Bars
9.2 wt % Al casting | approx, 0.17
Water- 0.086* 0.986* Mean
Thomas . . . .
¢ QL Al—8 wt % Si cooled 0.150 0.969* Chill region
et al.
mold 0.053* 0.979* Non-chill region
0.035 for a porosity level of 0.005% See Fig.20
Unidirection- ;
Al—4.7Twt % Mg about 0.05  for a porosity level of 0.01 %
ally cast
Fang about 0.06  for a porosity level of 0.02 % Rectangular molds with an inner
et al.” about 0.026 for a porosity level of 0.005% dimension of 2.6emX8.0cm X 30cm | Gee Fig.22
Unidirection-
A356 about 0.03" *for a porosity level of 0.01 %
ally cast
about 0.04™ *for a porosity level of 0.02 %
Al—1.5~12wt %3] about 0.25 %@
Chen | A1-5~10 wt%Si
ot al? — 0.5 wt % Mg| Sand cast B

Al—3~9 wt % Mg

* : These values have been evaluated by Thomas and Gruzleski

% * : The values estimated by extrapolation.

(1) : Metcalfe “Preports threshold value of 0.091 cm® Hp(STP),~100g, however some experimental points obviously ignored.

Thomas and Gruzleski®’ who had analyzed Metcalfe’s data have reported that linear regression analysis of all data yields

49)

49)

threshold value of 0.169 cm® Ha(STP),/100g, but correlation coefficient is low —0.666, and that regression analysis of points used
by Metcalfe yields threshold value of 0.099 cm® Ho(STP),”100g with high correlation coefficient —0.966. From the threshold value
of 0.091 cm® H; with probable error of 0.026 cm® Ha(STP),”100g by Metcalfe it is unclear whether value reported for zero porosity
was experimentally determined or obtained by extrapolation.

others are ignored.
The linear regression analysis by Thomas and Gruzleski *® yields threshold hydrogen concentration of 0.168 cm® H2(STP),”100g,
when all their data is considered.

: Ransley and Talbot *’report the graph passes through origin, and their plots are unduely placed on certain points whereas

. Althogh the slope of relation line between porosity and hydrogen content varies largely with mold diameter (15 to 50mm), the

threshold hydrogen content seems to be about 0.25 cm® Ha(STP)./100g for Al—12wt%Si alloy. For the other alloy systems,
Chen and Engler *®report graphs pass through origin except for a few of the lines as to Al—Mg system.

45
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3.3 Mathematical prediction for porosity
formation

In recent years, there have been several
publications®®®® % dealing with mathemat-
ical predictions of the conditions for which
porosity would be expected to form.

Assuming to be in local equilibrium, the
pressure of hydrogen gas inside the pore is
expressed by the equation (33) which is re-
lated to the pressure and temperature :

P, = nRT = Pt —grl +pgz+A4P (33)

where P, is the developing total pressure in-
side the pore in liquid, R is the gas constant,
T is the temperature, P.. is the atmospheric
or external pressure, 7 is the surface tension
of liquid metal, r is the instantaneous pore
radius, o is the liquid density, g is the accel-
eration due to gravity, and z is the metallo-
static head. The second term in the equation
(33) represents the effect of surface tension
and pore curvature, and the third term repre-
sents the metallostatic pressure head. The
fourth term AP represents the shrinkage
pressure which is defined negative in value.

Piwonka and Flemings® have examined ana-
lytically the general problem of pore forma-
tion in solidification. Their consideration have
first given to shrinkage porosity in pure and
nearly pure metals (shrinkage in cellular
growth, centerline shrinkage in cylinders),
second given of the discussion on the forma-
tion of shrinkage caused microporosity in
unidirectional solidification and mushy solid-
ification, and finaly given to the examination
of influences of dissolved gas and surface ten-
sion on microporosity. They have also given
numerical results for aluminium and Al—4.5
wt %Cu alloy.

Introducing the solutions for P. and AP by
Piwonka and Flemings®®, the equation (33) is
able to solve numerically for arbitrary pa-
rameter of cylinder.

For a simple diatomic gas such as hydro-
gen, P, is given by

s, 9
P‘_[kL[fL(l—k’)ﬂLk/]J (34
where

_arnt [ r\? ,, _ ks

T ’(R)’k”kL’
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S is the initial value of hydrogen concentra-
tion in molten metal, kv is the solubility con-
stant which given by Sievert’s law : S = kuPi/*
(see equation (5) in Part 1) at liquid tempera-
ture, f. is the fraction liquid, r is the radious
of liquid channel, n is number of flow chan-
nels per unit cross section of cylinder, ¢ is the
tortuosity factor to account for the fact that
liquid flow channels are not straight and
smooth : effective flow channel length tL,
with £ =2 1, R is the cylinder radious, and ks is
the solubility constant which given by Sievert’s
law : S = kPi* (see equation (11) in Part 1)
at solid temperature.
For the centerline shrinkage porosity, 4P
is given by
4 2 2
ap—pip, - BB XD

(35)

and for the shrinkage between grains and
dendrite arms at low thermal gradient, AP is
given by

_ 32u B AL

t?
AP=P.—P. = <

7rR2n> (36)
, and also for the shrinkage in unidirectional
(columnar) solidification, AP is given by

Bup ULE €0
where P, is the pressure in riser (ambient
temperature), P. is the pressure at L, 4 is
the metal viscosity,

g = - B _ Os— O ;

-8B Os
B is the solidification contraction, os is the
density of metal at solid temperature, o is
the density of metal at liquid temperature, 4
is the heat flow constant :

K (T.—To)
psHY ma” ’

K’ is the mold thermal conductivity, T» is the
melting point of metal, T is the ambient tem-
perature, H is the heat of fusion of metal, o’
is the thermal diffusivity of mold, L is the
casting length, and U is the interface velocity
(positive for solidification).

Kubo and Pehlke™ have derived the mathe-
matical model of computer calculations for
the amount, the size, and the distribution of
porosity in Al—4.5wt%Cu alloy plate castings.
The modeling has been developed from (1) the
heat balance equation which expresses the

7,.4

AP =P, —P. =

A=
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micro and macroscopicals temperature and
the composition in dendritic solidification,
(2) the continuity equation indicates that the
shrinkage during solidification is compensated
by interdendritic flow and the growth of po-
rosity, (3) the motion equation describing in-
terdendritic flow, and (4) the conservation
equation of hydrogen gas content dissolved in
aluminium alloy in which complete equilibrium
is assumed. Their results between calculated
values and experimental measurement have
matched favorably. They have recommended
the decrease of the hydrogen content by
strong degassing and the increase of mold
chilling power to produce sound aluminium
alloy castings.

Poirier, Yeum and Maples® have used the
computer model which has considered the in-
terplay between so-called solidification shrink-
age and gas porosity to predict thermody-
namically the formation and the amount of
microporosity in directionally solidified Al —
4.5wt%Cu alloy. In some aspect, their model
developed is similar to that of Kubo and
Pehlke™, but differences are the calculation
of the permeability for flow of interdendritic
liquid and the estimations of the radii of gas
bubbles that form in the interdendritic spaces.

Also Yeum and Poirier® have extended their
computer model to predict microporosity in
aluminium alloys : Al—4.5wt%Cu, Al— Twt%
Si and Al—18.4wt % Cu alloys, that solidify
with equiaxial structures. Third alloy was se-
lected because the volume fraction of eutectic
constituent at the end of solidification was
approximately equal to that in the Al—7wt%
Si alloy.

Assuming ideal gas behavior, the volume
fraction of porosity e is defined ag®® .

1—f: fe MPE B
8_[1+< ,0§ * OLe >< RT: ¢ )J <38>
, and equation (38) is related to the volume
fraction of the eutectic liquid gz by

fE — SLE

¥
n - )
gL <IOLE >< gL

where fz is the mass fraction of the eutectic
constituent, 0sis the mass density of prima-
ry solid, o.s is the mass density of liquid eu-
tectic, M is the molecular mass of hydrogen,

(39
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P¢ is the pressure inside the gas phase when
fu = fe; fu denotes the mass fraction of liquid,
R is the gas constant, 7% is the eutectic tem-
perature in K, and ¢ is the mass of the gas-
phase per 1g of alloy and is given by
1
— S

¢—(CE E)<fE+/€ /CfE) 100
here C: is the initial concentration of hydro-
gen in the eutectic, C% is the saturation con-
centration of hydrogen in the eutectic, x is
the equilibrium partition ratio : £ =Cs,/ C.=CS
/Ci, C3 and Cf are the saturation concen-
trations of hydrogen in the interdendritic sol-
id and liquid within the mushy zone, respec-
tively, and C. = Cs and Cf = C% are the con-
centrations of hydrogen when f. = fs.

Fig. 23 shows comparatively the volume per-
cent of interdendritic porosity in columnar
and equiaxial structures of Al — 4.5wt % Cu
alloy for equivalent cooling rates. The results
for columnar structure in Fig. 23 have cited
from their previous works™. If experimental
work shows that interdendritic porosity pre-
dominates, then the comparison between the
two structures is very much worthy. As they
have discussed in their paper, the differences
in the amount of microporosity between the

(40)

1.2 T T

7 T T

-——Columnar / /
Equiaxial

/ /

Volume percent porosity

Initial hydrogen content (X 1075 wt%)

Fig. 23 Volume percent microporosity (interdendritic)
in equiaxial and columnar alloys of Al—4.5 wt%
Cus9,
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two structures are significant. Of course, such
results depend upon predictions of pore diam-
eter, and perhaps in both cases over simpli-
fied models have been used.

In these researches, the aluminium-rich al-
loys of the Al—Cu system® have been selected
because there are thermodynamic data on
the solubility of hydrogen in liquid Al—Cu al-
loys® . Further the solute redistribution n
dendritic freezing® ®, the convection in the
two phase zone solidification®™’, the density
during solidification™, and the surface ten-
sion™ of such liquid alloys have been studied
extensively.

Recently, Fang and Granger™ have exam-
ined the prediction of the size of interdendritic
pores due to the rejection of hydrogen during
the solidification of Al —4.7wt % Mg alloy.
Their mathematical model is based upon a
mass balance between the rate of increase of
hydrogen gas inside the pore and the amount
of hydrogen which is rejected per unit time at
solid ~liquid interface due to the phase trans-

formation :
dR
=3 2 — ———
4w R ( T )

d(Ven)
dt
(Q tCL— 05 Cs) (41)
where V is the volume of the pore, i.e., -43”7Zr‘3,
with r being the instantanecus pore radius, n
is the density of hydrogen gas inside the pore,
t is the sequential time, R is the radius of the
instantaneous solid /liquid interface, 0. and
0s are the melt and solid densities, respective-
ly, and C. and Cs are the hydrogen concentra-
tions in the liquid and solid, respectively.
With the assumptions made in support of
the derivation, they have rearranged the equa-
tion (41) and have solved it for the instanta-
neous pore radius dr/d¢. The equation which
they have derived is

dr ( (R\?( dR
dz —[ <7‘) ( az >kT(,OLCL /OSCS)
__r@P:_(dAP>L].
3T dt 3
_ 27\
(pt 3r ) (42)
where
Cs = KH * Cc y (43)
4T
6= TR (44
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drR__ (r\3(dr) . ifi)( Raﬂ")
dt_&>gﬁﬁ &ﬁ 3R (45)
with
., f _ R-FR
fs_fs+fL o (46)
and
Ri=172, “n

K is the hydrogen partition coefficient, Co 1s
the solubility limit of hydrogen in the melt, 0
is the cooling rate, fs is the fraction solid
(metal volume), fs is the fraction solid (metal
plus pore volume), f. is the fraction liquid
(metal plus pore volume), Ro is the threshold
cell size, 7 is a constant (geometric factor
which reflect the propensity of local structure
to become isolated), A is the dendrite cell
spacing (In their model, it has been assumed
that Rs is proportional to 1), and P. and AP
are the same denotations as in those of the
previous equation (33).

In the equation (42), the first term in the
bracket on the right hand side is the account
for hydrogen release and for the contribution
to the pore growth, the second term gives a
negative effect due to the decreasing tempera-
ture, and the third term represents the effect
(positive here) due to the shrinkage pressure.

The interesting implications have also been
developed by Fang and Granger™ :

The critical fraction solid fs at which the hy-
drogen concentration in the liquid reaches the
solubility limit Cc is then given as

1- 2
. C
= T Re (48)
where (s is the initial concentration of hydro-
gen.

An effective behaviour is : if the hydrogen
concentration in the liquid within the local cell
does not enrich to the solubility limit before
it cools to the eutectic temperature, there
would be no formation of pore during such
period. Therefore, zero porosity would result
if the equation (49) is satisfied.

GCo
Ce
"%, >1—fu
where f. is the eutectic volume fraction.

The maximum hydrogen content to satisfy

the equation (49) is designated as the thresh-

1—

(49)
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old hydrogen content Ca, i.e.,

Co=Cc([1-(1- K)(A—f) ) (50)
The equation (50) indicates that there would
be no formation of porosity when the melt hy-
drogen content is less than the fraction (1 —
(1— Kw) (1~ fu)) of hydrogen solubility limit.

As for the effect of the cooling rate, there
have been the experiments by Sarreal and
Abbaschian™ which have shown that the eu-
tectic volume fraction increases with cooling
rate due to the back diffusion in solid when
the rate is less than about 100°Ces™ in A1—4.9
wt%Cu and Al—1wt%Si alloys.

Since Kx is usually much smaller than unity,
the equation (50) becomes to a direct propor-
tion between the threshold hydrogen content
and the eutectic volume fraction.

The solubility of hydrogen is increased
according to the Sievert’s law for a diatomic
gas

Ce = Ct+ Pi? G
where Ct is the hydrogen solubility at 1 atm
(1.013X10° Pa) pressure and given temperature,
and Pe.. is expressed in unit of atm. By com-
bining the equations (49) and (51), the criti-
cal external pressure PS to suppress pore for-
mation is given as

pctz[ G ]2 52

“Tl G -a-K0a- 7w

There are the limits that the equations (50)
and (52) represent only estimates of the upper
bound of the melt hydrogen content, and the
lower bound of the external pressure, respec-
tively, for the condition of no porosity forma-
tion. It should be noted that these two equa-
tions have not taken account of the effects
due to shrinkage pressure and eutectic phase
formation.

Fig. 24°” is for one from their computational
result. The pore diameter as a function of the
hydrogen content is given at different pore
nuclei radii. The pore size increases sharply
at hydrogen contents below 0.10cm®*(STP) ~
100g and then slows down. It is explained that
at hydrogen contents below 0.053cm?*(STP)
100g the computation indicats no pore forma-
tion in spite of the pore nuclei radii assumed,
being in accordance with the prediction of the
equation (50). The value is higher than the
threshold hydrogen content of 0.035¢cm?*(STP)

/100g from their previous experiment® which
had found at the residual pore volume frac-
tion of 0.005% (see Table5). This difference
could be attributes to the fact that the effects
noted above have been ignored in their model.
As they have noted, the value of 0.053cm*(STP)
~100g, thus, only reqresents an upperlimit
for porosity formation.

Although there had been the same limiting
conditions as in the above, the critical exter-
nal pressure under which no pores form had
been calculated at the initial hydrogen content
Co of 0.10, 0.20 and 0.30cm*(STP),/100g of Al—
4.Twt%Mg alloy melt, respectively, according
to the equations (51) and (562). Table 6 shows
that, for instance, if one casts the alloy con-

12 T T T T

(um)

Pore diameter d,

Hydrogen content C, (cm3(STP)/100g)

Fig. 24 Pore size as a function of the hydrogen content
at different assumed pore nuclei radiis”,

Table6 Calculated critical pressure to prevent porosity
formation at various melt hydrogen contents
in an Al—4.7 wt % Mg alloy .

Critical pressure to  Corresponding

Melt Hs content, .
H> solubility

prevent porosity

Cy
formation, P& in liquid, C;,
(em®(STP).”100g)
o g (atm)* (em*(STP),/100g)
0.30 38.5 484
0.20 17.1 3.93
0.10 4.27 1.61

* ; latm = 1.013X10° Pa
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taining 0.10cm’(STP) of hydrogen per 100g of
melt under the pressure of 4.27 atm (4.326 X
10° Pa), there would be no pore formation,
and so forth.

4. Effects of hydrogen

4.1 Effects on mechanical properties

If the cast pure aluminium is reheated to
a high temperature for a prolonged period,
as may be required in the production process,
some of the pores grow both by the diffu-
sion of hydrogen in solid solution into other
pore?” and at the expense of the others”, so
that the secondary porosity?* or preferably
the diffusion porosity after Kostron® are re-
distributed among the grain boundaries be-
tween fewer but larger pores as illustrated in
Fig. 1494,

This effect does not occure in aluminium of
low purity and this has been attributed to the
influence of the very large area of interphase
boundary due to dispersed second phase®*’.

The interdendritic porosity in ingots cast
for fabrication does not weld up completely
in the course of working operations but is
flattened into planar discontinuities™™.

Turner and Bryant” examined the factors
affecting the mechanical properties of high
strength aluminium alloy plate, with particu-

lar reference to the tensile strength, elonga-
tion, and impact value in the short-transverse
direction. They”’ had cast industrially the
high-strength Al— Cu— Mg —Si alloy D.T.D
5020A (Al—3.5~4.8wt%Cu—0.4~0.8wt2% Mg~
0.4~0.9wt%Si—0.4~1.0wt%Mn and normal
commercial impurities) by the semi-continuous
(direct-chill) process : each was of 27.9cm X
111.8cm cross-section and 228.6cm long, and
was cast with the fulfilment of the required
variations in hydrogen and oxide content as
shown in Table 7. The filtered and unfiltered
ingots were machined on both their wide faces
to a depth of ~9.5mm. Each was then sawn
into two equal lengths and preheated for 84.6
ks at 490~500°C for hot rolling. One half of
each ingot was rolled to 7.6cm and the other
to 5.0cm plate. The plates were solution-treated
for 10.8ks at 505°C, water-quenched and
stretched, then ultrasonically inspected from
one side to locate defects. Specimens were cut
from defect-free and defect-containing por-
tions of each plate for mechanical testing,
and were aged for 18ks at 175°C before ma-
chining into test-pieces.

The relation between the short-transverse
tensile properties (UTS and elongation) and
the as-cast ingot hydrogen content and the
as-cast ingot porosity have shown by repro-
ducing as in Figs.25 and 26", respectively.

Table7 Casting conditions and results of determined hydrogen and porosity content,

and number of defects in plate »,

As-cast hydrogen

As-cast ingot Number of oxide-

Casti i
I;goot conadsitli?)is 2zi?:;zf content porosity film defects
’ (em®/100g) (% voids) in plate**
1 Turbulent pouring None 0.27 0.55 18.15%**
Tranquil pouring,
2 filtered None 0.21 0.29 5.00
3 Tranquil pouring None 0.16 0.11 91.29
Tranquil pouring, Fluxed with gaseous
4 filtered " Cl for 6 min 0.18 0.29 6.50
5 Tranquil pouring Flu}gg }?}:‘% gr;iieous 0.14 0.18 80.45
Tranquil pouring, Fluxed with gaseous
6 filtered” Cls for 12 min 0.18 0.10 1.50
7 Tranquil pouring Fluxed with gaseous 0.13 0.03 31.99

Clg for 12 min

* : Liquid metal filtered in mould through woven glass-cloth screen.

* % : Detected by ultrasonic inspection and micro-examination per 30 cm length of plate.

% % % - Ultrasonic inspection difficult owing to porosity.
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short-transverse tensile properties of D.T.D.
5020A plate rolled from 27.9cmXx111.8cm
D.C. ingot.; (a) 7.6cm plate; (b) 5.0cm plate .

Each point on the curves had been represented
the mean of 20 test results with the variations
of =7.6MN,m? on UTS and +0.25% on elon-
gation values, respectively. In each case tensile
strength and elongation, and also impact as
shown in Fig. 277 fall sharply with increasing
hydrogen content between 0.12 and 0.18cm®
(STP) /100g and with increasing porosity be-
tween 0 and 0.1% thereafter remaining virtually
unaltered.

They’ also confirmed metallographically
the effects exposed by fracture : There had
been oxide inclusions that most were detected
ultrasonically. A few had a bright, faceted
apperence characteristic of unsealed porosi-
ty®™.

Fig. 287 shows the results from their sec-
ond experiment which had tested for the eight
same alloy ingots with controlled nominal
level of hydrogen : 0.07, 0.20, 0.35 and 0.50cm?
(STP) 100g, and with the freedom from oxide
inclusions.

Naturally, possible modification of hot-

ol

tensile properties of D.T.D. 5020A plate rolled from
27.9cm X 111.8cm D.C. ingot. (a) 7.6cm plate; (b)5.0cm

plate?.
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Fig. 27 Effect of as-cast ingot hydrogen content on
shorttransverse Izod impact values for
D.T.D. 5020A 5.0cm and 7.6cm plate?.

working and double upset-forging before
rolling to promote more complete welding of
the porosity”, and two-stage forging with an
intermediate heat treatment to dissolve hydro-
gen compressed in the flattened pores have
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been examined and both techniques have been
found benificial®”.

4.2 Surface blistering

Surface blistering located discontinuously
in wrought aluminium and aluminium alloy
products is a well-known form of damage,
causing low and erratic yield. The effect is ob-
served after final or intermediate annealing
or after solution treatment preparatory to
age hardening®®. Fig. 29 in illustration of the
blistering has reproduced from Kostron’s
works?.

According to the interested papers”?“™ on
the surface blistering, a general mechanism
for the formation of blisters would be summa-
rized briefly that : During the preheating or
during heating for hot rolling of the as-cast
ingot with hydrogen in solid solution and
with some shrinkage porosity to act as a free
surface for hydrogen separation, the hydro-
gen in solid solution diffuses rapidly to the
shrinkage cavities at elevated temperature
and separates probably as molecular gas. If
these free surfaces are discontinuities within
the ingot then the associated hydrogen mole-
cules collect and build up considerable pres-
sure until the equilibrium is reached with dis-
solved hydrogen around the discontinuity.
Since Sievert’s law holds there-in it is evident
that large pressures may be built up at the
discontinuities. When the metal is rolled to
sheet the pressure of the hydrogen gas in
these discontinuities under the working stress
is sufficient to deform the surface of the sheet
and forms a Dblister, particularly when the
strength of the material is reduced during the
annealing.

O’Dette™ demonstrated about the nature of
the discontinuities giving rise to blistering
and developed the methods of control to elimi-
nate blisters : He showed the blister of ex-
panded lamellar discontinuities lying in a
plane parallel to the surface of Alcan 23 (1100)
aluminium alloy lmm sheet annealed for 7.2
ks at 500°C, as given in Fig. 30. The appear-

X200

Cross-section

Surface

X1 X70

Blister (unetched)

Fig. 29 Macro and microscopic blister in Al—Cu—Mg alloy sheet 2.
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%35

Fig. 30 Cross section (as-polished) of typical blister
in Alcan 2S (1100) aluminum sheet™,

ance of these discontinuities suggested that
they had their origin in shrinkage cavities or
in entrapped oxide particles in the ingot (9.5
mm thick). During the hot rolling the gas-
filled shrinkage cavities were roll out into gas-
filled lamellar discontinuities in the rolled siab
(6mm thick). The diffsion and separation of
hydrogen in solid solution to the shrinkage
cavities had taken place rapidly at the temper-
ature of 300 to 400°C. The film of hydrogen
gas between the two surfaces of the disconti-
nuities was thought to be sufficient to prevent
the welding of the two surfaces during rolling.
The cold rolling had the effect to bring the
lamellar hydrogen gas-filled discontinuity
closer to the surface of the sheet. As the sheet
was annealed the hydrogen gas in this discon-
tinuity was expanded and at the same time
the strength of the material was fallen. Thus,
this resulted in deformation outward of the
surface of the cavity and formation of a blis-
ter on the surface of the sheet. O’Dette™ also
obtained another explanation which took into
account his experimental fact to support for
the theory of blister formation : The cold re-
duction before preheating for hot rolling had
introduced many dislocations in the metal
and, possibly, for 25 alloy had also introduced
the maximum number of dislocations in the
region of 40% cold reduction. The dislocations
were considered as sites where hydrogen gas
separation might take place from solid solu-
tion, possibly to the extent of one or two hy-
drogen molecules per dislocation. In such a
case other free surfaces in the ingot would
not play a part in blistering, since the hydro-
gen would be tied up at the dislocations and

03

would not be free to move to alternative free
surfaces.

The most effective sources of blister are
therefore defects formed early in hot-working
operation®?™™ There is no doubt that when
marked hydrogen absorption in solid alumin-
ium alloys occurs during solution treatment
particularly in air furnace preparatory to age
hardening™~", spherical cavities grow near
the surface™™ and coalesce to form “diffu-
sion and reaction” blisters called by Kostron?
and Chadwick™, respectively.

An extrusion defects and core in roll bonded
clad products will also be the potential sources
of blister?®™

4.3 Hydrogen-assisted fracture

There have been numerous papers which
have reported that hydrogen plays an impor-
tant role in enhanced environmental cracking
of high strength aluminium alloys under static
loading (stress corrosion cracking) or under
dynamic loading (corrosion fatigue). Of these,
the play of hydrogen is here of greatest inter-
est.

Albrecht, Thompson and Bernstein®* have
studied on the role of microstructure in hy-
drogen-assisted fracture of 7075 plate materi-
al charged with or without hydrogen. They
found a temperature (range of —200 to 20°C)
dependent loss of ductility due to hydrogen
for all microstructure. Also they found that
the dimple fracture size data suggested en-
hancement of microvoid nucleation in peak-
aged tempered (86.4ks at 120°C) and overaged
(86.4ks at 163°C) specimens, and enhancement
of void growth in an underaging treated speci-
mens, as the primary hydrogen effects. They
confirmed a hydrogen embrittlement effect
responsible for the ductility loss® ®’. There
have been including the dislocation transport
of hydrogen as one of acceleration mecha-
nisms.

According to thestudy by Balasubramaniam,
Dugquette and Rajan®’, the susceptibility of
stress corrosion cracking (SCC) in a binary
Al—2.05wt%Li and a ternary Al—2.05wt%Li—
2.15wt%Cu—0.5wt%Zr alloy in 0.5mol/1 NaCl

~ solution increased dramatically when hydro-

gen was charged into the alloys specimens.
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They confirmed that the alloys underwent
SCC by hydrogen embrittlement and that the
brittle hydride having the composition LiAlH.
had been formed where SCC had proceeded.
Chen and Duquette® have studied the corro-
sion fatigue (CF) behavior of the Al—2.5wt%
Li—0.12wt%Zr alloys differently aged in dry
air and humid nitrogen as a function of heat
treatment by performing smooth specimen
fatigue life experiments. Their results have
likely shown that the CF behavior of the alloy
in water vapor varied with aging tempers.
Depending on the heat treatment applied, hy-
drogen embrittlement and an oxide effect both
played a role in the CF of the alloy. They have
obtained the suggestions that hydrogen em-
brittlement is mainly responsible for fatigue
crack propagation rather than crack initiation
in the alloy and that the effectiveness of hy-
drogen trans port to the region ahead of the
crack tip determines the degree of hydrogen-
assisted fatigue crack growth, and so forth.
(To be continued to Part 3)
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