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Fracture Characteristics of Al-Zn-Mg Alloy

and Its Welded Joints

by Sazuku

Nakamura,

Toshiyasu Fukui,

Yoshio Takeshima and Kazuyuki Minoda

A study was conducted to investigate the tensile properties and fracture toughness of com-
mercial Al-Zn-Mg alloy (7N01-T7) and its welded joints at temperatures between 20°C (R.T.)
and --196°C by means of tensile, Charpy impact (V-notch) and deep notch tests. Welded joints
were made by high current MIG process with 5556 and 7N11 filler metals.

Yield and tensile strengths of base metal and welded joints were increased with drop in

testing temperature, while reduction of area in tensile test,
stress and critical COD in deep notch test were reduced at cryogenic temperature.
reductions were more marked in welded joints than in base metal.

Charpy impact value, net fracture
These

However it seemed that

welded joint made with 5556 filler metal was preferable to that with 7N11 one.

In electron fractographs of deep notch test specimens, dimple pattern associated with ductile
fracture tended to turn into quasi-cleavage pattern associated with comparatively brittle fracture,
showing intergranular cracking, with drop in testing temperature.

Consequently, Al-Zn-Mg alloy is concidered to be satisfactorily applicable to practical welded
constructions above about —130°C. In usage below this temperature, however, full concideration
about fracture mechanical analysis must be required for welding design and fabrication.
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Table 1 Chemical compositions of test materials.
Chemical compositions (%)
Material Note
Cu Si Fe Mn Mg Zn Cr Ti Zr Al

Base metal* 0.20 0.06 0.21 0.32 1.8 4.1 0.15 0.08 0.17 R 7N01
Filler metalst* <0.01 0.04 0.12 0.72 5.2 <0.01 0.09 0.08  — R 5556
<0.01 0.04 0.04 0.80 4.3 2.4 <0.01 0.09 0.14 R 7N11

* 25mmt (T7-treated)
2 . 4dmme

Table 2 Tensile properties of base metal and welded joints at room temperature*

. . Yield strength Tensile strength Elongation Reduction of area
Material  Filler metal vo.. (kg/mm?) o 5(kg/mm?) 5 (%) v (%)
Base metalt* 30.4 38.2 19 40
5506 22.5 35.6 13 33
jointskE
Welded joints™* 7011 2.8 3.6 12 38
* With JIS No. 4 specimen (G.L.=50mm)
*k Long transverse direction
#k% Aged at room temperature for more than two months
Table 3 Welding conditions.
Pass No Welding current Arc voltage Welding speed Ar gas flow Heat input
: A 4P, (cm/min) (1/min) (J/em) (J/em/cm)
1 460~500 28~30 30 50-+25 27800 11100
2 460~500 28~30 30 50-+25 27800 11100
Welding equipment : Joint design : i 90°
High current MIG welding machine (Model SM-24SK) = T
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Fig. 1 Shape and size of test specimens.
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Polarization Behavior of 1050 Aluminum in
Aqueous Solution Containing n-Alkyl Com-
pounds Combined with Carboxyl, Amino and
Mercapt Radicals

by Mitsuharu Shigenaga and Zen-ichi Tanabe

This study was carried out as a part of investigation on organic inhibitors for aluminum.

As the organic compounds which may be inhibited for metals, n-alkyl ones combined with
carboxyl, amino and mercapt radicals were representatively selected in this experiment. And
their inhibtions were examined by polarization measurement for 1050 aluminum in 20vol% ethylene
glycol aqueous solution under stirring condition at 80°C. This blank solution and it’s condition
were adopted by considering car radiator system that had been converting brass into aluminum
and the use of inhibitors in it could be expected.

The results obtained are as follows:

(1) In carboxylic acids, at pH 7, the inhibition improved with increasing carbon number. But
such effects were not observed in the case of other compounds at same pH.

(2) Inhibition of stearic acid was most effectively at pH 6 and that of stearyl amine was at pH
3 to 4. n-Octadecyl mercaptane, however, was invalidity at any pH.

(8) The inhibition of lower carboxylic acids became strong with increasing their concentration. But
that of stearic acid improved little at concentration above 10~* mol/1.

(4) According to the results obtained in this experiment, the order of efficiency of three kind
of compounds was judged n-carboxylic acids>> n-amines>» n-mercaptanes.
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Fig. 1 Effects of inhibition on polarization curve.

3.2 KRB L UREBRE

sk, 10507 v 3 = v L DR %2 7 % b Chidfs
U T L7, Table2 CHEBIOLER T 2R Lz, Ei2
HREWIE, BBUERS > — 42 —R2EEL, 80°C -
WENRIE (EBROEMOREETRCBIL IV — 2~
PRI OB EIKOFEIE 1 m/sec. BIBREHEDZ & TH
BN, KEBROGEATERCHS LI 30cm/sec. BE)
BB %z 20vol 5L v Y o — LKEKEK T &4k
W RIRINU 72,

Table 1 Classification of organic compounds used in this experiment.

n-Carboxylic acids n-Amines n-Mercaptanes
- Genava name Rational fomula | Genava name | Rational fomula | Genava name | Rational fomula
1 Propionic acid C,H,-COOH Ethyl amine C,H,-NH, Ethyl mercaptane| C,H,-SH
2 n-Caproicacid | CeH,,-COOH | n-Butyl amine | C,H,-NH, n‘Bm“?r’}:aptane C,H,-SH
3 n-Caprylic acid | C,H,,-COOH n-Hexyl amine | C.H,;-NH, n_}fﬁgéaptane C.H,,-SH
4 n-Pelargonic acid CyH,,-COOH | n-Octyl amine | CyH,,-NH, n-Octyl ptane | CoHir-SH
5 n-Capric acid CoH,,-COOH | n-Decyl amine | C,,H,, NH, { n-Decyl ptane | Cioflas-SH
6 Lauric acid C.;H,s-COOH | Lauryl amine | Co.H..-NH, |2yl stane | CirHas'SH
7 Myristic acid CisHa,-COOH | -Tetradecyl ¢, g, .NH, n‘Trﬁgrigg‘;g}le Ci.H,,-SH
8 Palmitic acid C.sHs,-COOH | Cetyl amine ‘ CioHay-NH, { Cetﬁmaptane CioHas-SH
9 Stearic acid CisH,s-COOH | Stearyl amine ‘ CioHyqNH, | n—onig?'SSS%’;ne CyoH,,-SH

— 2 —
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Table 2 Chemical conposition (wt%) of 1050 aluminum )
specimen. +0.2 I
d 1
. . 0 I~ aNone
Si Fe Cu, Mn, Mg, Cr, Ti . Al - 210v01%
; ul —0.2 x20vol %
0.31 0.10 <C0.01 (respectively) l 99.58 s P /6/ /1 030 volVZ
v —0.4 s e 50vol % ]
2 —0.6 —
e Ko S
= -0.8 DY
é o o %\
Thermocontroller Potentiostat £ ' \\cﬁ\e\
Q.9 -1z
—-1. 4
0. 01 0.05 0.1 0.5 1 5 10 50 100
6 7 1 Current density (¢ A/cm?)
: 2
- ! Fig. 3 Effects of concentration of ethylene glycol on
polarization curve for 1050 aluminum in tap
- :’4. . water under stirring condition at 80°C.
I o Table 3 Relationship between concentration of ethylene

lgt) ¥

Water bath

Fig 2 Schematic illustration of experimental apparatus.
1; Calomel reference electrode, 2; Working ele-
ctrode (Specimen), 3; Pt counter electrode, 4;

Beaker, 5; Rotater, 6; Heater, 7; Thermo couple,

3.3 HERE
WRMEEROHEFECIE AL 50N, 2 TIRETE
EHR Ty 2% 5 b HP-E 8 (AJIGHET 10°Q)
& R R BTN W % B MK-3 ®B20tEL, 0.1
V/min, OENERTHEEDITWNE 21772 -7, Fig, 2 134
ERIEBEOME 2R UbDTH B,

4. REERPLUVEER

41 TFL Y a—LofEB

FFEAR, KERCSWTERRKE LT/HnizF
Vg a— VKB OVEBE DT E Ui, &8 %
Fig. 3R L7z, TORMBW SN L5, BREOSHE
UL, =F L s Y a— VvORE ORI R B
WK Uzo

Dempster® % Dragulescu 5 ki, =F1 o
7V a—uiX, ZONTFHROKBENEGBERGICF L —
FRIERT A, SBCHLTHrRYOEEERETS
EWEINT WD, oDz &k, BRI S T+55
TEHTZETH D,

U LNRs, KA LDE, =F1L 05V a—uik
Table 3IWRLAL 5L, ZREH LY CTEERECEE

— 3

glycol and electric conductivities at 80°C.

Conc. of ethylene Electric conductivities(pv/cm)
glycol (vol%) Dilution with Dilution with
pure water tap water |
0 3.6 157.5
10 3.3 116.1
20 2.5 83.0
50 1.9 31.5
100 0.9

WBTHDHZERDIsTclc®, HEERERE, 51
Y a— B2 THRRIEWHO DI BA ey & —
LUTOEEZEL TWAEZ L EESLLDENEIN B,

AR BV B FGE, ROBIER L S THE
FALINTWBHN, =FL o5 a—wkKEKRRCKET
HEE O SWALHNE, REPWEITECONTETTBZ %
Mz L 72°

4.2 n-FILFILEHOIEHR

4.2.1 RRBOPE

A W7o B H LAY DR ER DB D\ T
FHULERZ Fig. 4 83X 5 AL 2. BEX10*mol/],
pH 1% 7 TR L 7o

INLDEBIZLBE, n-AuFELYBIROWTIE, K
FHHOBIMCE LS W OBER 2 AT 2BE R A 5, &
FHILI LTl ZEREBRP L D b RE L 57,

— i Z OFEOEYE, Fig. 6 WRLAXSKE, &
Frogeedt GBS 22Kk BERBEL, R
{bkHEEE GEEERE S 23BkE) BB L TL »
~WEZIRZ 7256 UTHHER 2295 L wbh Tk
BOV0, A2 1ZU, ZEOMEH R b oMEIE D THS AP
AEEsE2BIUTHHZIR 2HEI TS L0HEL D
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Fig. 4 Effects of carbon number of 10~*mol/l n-carboxylic
acids on polarization curve for 1050 aluminum in
20vol% ethylene glycol aqueous

solution under

stirring condition at pH7 and 80°C.

+0. 2 I
0 ¥ o & CoHs NH:
- /ﬁ A CigHar NHz
w—Q, 2 +— oCgHir-SH
&) M ® CygHr+SH
5 — — (xBKsoln )
Z 06 | == A
E Y
=—0.8 A N
c N
o \
—1.2
~1.4
0.01 0.05 0.1 0.5 1 5 10 50 100

Current density (uA/cm?)

Fig. 5 Effects of carbon number of 10-*mol/l n-amines
and n-mercaptanes on polarization curve for 1050
aluminum in 20vol% ethylene glycol aqueous

solution under stirring condition at pH7 and

80°C.

n-Alkyl radical

Watmgs
Absorbate rad;}
S S
Metal
/
’, / // High conc.

Low conc

Fig. 6 Absorption models of n-alkyl compounds.
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4.2.2 pH O
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TIRERE B 21T 57205 s pH EENZE 5720
STcleDEMEL 77,

B, 4 —A-RE 7= R’ ETHLZ
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210 \\k‘ﬁt
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Fig. 7 Effects of pH on polarization curve of 1050 alu-
minum in 20vol% ethylene glycol agueous solution
containing 10~*mol/l stearic acid under stirring

condition at 80°C.
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Fig. 8 Effects of pH on polarization curve of 1050 alu-
minum in 20vol% ethylene glycol aqueous solution
containing 10~*mol/l stearyl amine under stirring
condition at 80°C.
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T, n- A NVEVBRDOA R ANT,4.2.2 THR LN
B pH (6D THEE OB 2ME Ui, HR% Fig.9
CR LT,
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BIE - F VB EDER I VR CBEL, BERER
T5H &M R THEARR O N, F e, RERHW
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577 ZHILFig 6 W RUAEHREMORET T VIS D
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- % /O/:)/A A107% | CyrHase
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Fig. 9 Effecte of concentration of n-carboxylic acids on
polarization curve of 1050 aluminum in 20 vol%

ethylene glycol agueous soluton under stirring
codition at pH7 and 80°C.
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Table 4 Comparision of polarization resistances of anode

between stearic acid and several commercial

coolants.
. Polarization resistances of
Test solutions anode (mV/pA/cm?)
20vol% ethylene glycol 80
10~3mol/1
stearic acid (pH6) 550
A 310
Commercial coolants | B 70
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6. & Bl
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Strain Hardening of Polycrystal Al-Mg

Alloy Sheets

by Shin Tsuchida

Relations between true stress and strain under uni-axial tension were obtained over a wide
range of strain hardening for polycrystal aluminum alloy sheets containing 0.5~6 wt% magne-
sium. Spicemens prepared as cold rolled and full annealled condition were deformed at room

temperature and at a strain rate 3x107%/sec.

Strain hardening in the case of cold rolled sheets, described by the n-power law viz. ¢ =K

n

is uniform in each material over all range of strain. On the other hand, strain hardening in full
annealled condition has shown two or three types of hardening corresponding to the magnitude
of strain. The strain hardening exponent # obtained for annealled materials in the strain range
just before the appearance of local deformation becomes minimum at the solute concentration
0.5~2 wt% and maximum at 5 wt%. This minimum is hardly obserbed in the case of cold

rolled sheets.

These behaviors are neither corresponding to the change of total elongation nor to the

Erichsen value.
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Table 1 Chgmical compositions and grain size of test

materials.

Chemical compositions (wt%) | Grain size
Materials of annealled

Al Mg Fe Si Cu |specimen(p)
99.99% Al 199.99 <C0.01 <C0.01 <0.01 <0.01 119
Al-0.5%Mg| R 0.48 — — - 83
Al-1% Mg| R .00 — - - 82
Al-2% Mg| R 200 — — — 72
Al-3% Mg| R 28 — — — 70
Al-4% Mg| R 402 ~ — — 87
Al-5% Mg| R 491 — 0.2 — 76
Al-6% Mg| R 5.8 — 0.02 — 72
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Fig. 1 Tensile strengths of polycrystal Al-Mg alloy sheets,
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exponent for polycrystal Al-Mg alloy sheets,
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Fig. 4 Concentration dependencies of plastic modulus

for polycrystal Al-Mg alloy sheets.
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Fig, 6 i3giMic DTl o iR TH 5, HEBE
b EEEASRD S NOKNOZ LR RL TWAR,
O FABB L - THEHBORENELT DI LTS
b, Mgl LITFoOE ikEMRoGEIR BB ZLL,
2%LL D Mg % G Tk =B £ L TW\w5b,
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Table 2 Strain hardening exponents and plastic modulus of polycrystal Al-Mg alloy sheets.

as cold rolled 1 as annealled

Materials strain plastic critical strain strain plastic critical | strain

hardening | modulus, strain, range for | hardening | modulus, strain, range for

exponent, nk (kg/mm?)] Ee n and k lexponent, nlk (kg/mm?) g n and k

99.99% Al 0.033 | 155 | 0.009 | 0.01~e 0.38 1.4 | 0.2 | 0.05~&

Al-0.5% Mg 0.033 [ 212 | 0.027 0.006~¢, 0.21 12.6 1 0.15 0.07~&
Al-1% Mg 0.035 ; 24.6 t 0.025 0.006~¢; 0.17 14.9 \ 0.12 0.08~&¢
Al-295 Mg 0.037 | 30.5 ] 0.023 0.007~&o 0.19 231 | 012 5 0.07~&
Al-3% Mg 0.052 sr.5 | 003 | 0.006~e | 028 | 380 | 013 | 0.08~e
Al-4% Mg 0.060 4.8 0.038 0.006~¢; 0.31 | 47.3 ] 0.14 , 0.09~é¢
Al-5% Mg 0.086 54.7 0.046 | 0.008~e | 033 | 545 i 0.16 ] 0.09~¢
Al-6% Mg 0.076 57.9 | 0.059 | 0.01~é& 0.30 l 57.7 | 0.19 [ 0.10~&
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Effect of Transition Elements on Notch Toughness
of Al-Zn-Mg Alloys and Their Welds

by Toshiyasu Fukui

Effect of such transition elements as Mn, Cr, Ti, V and Fe on notch toughness of artificially
aged Al-Zn-Mg alloy plates and welds was studied by measuring the notch-tensile and yield
strength ratios and the Charpy impact value. Mn, Cr, Zr and Ti increased the strength and notch
toughness of high purity alloy plates, possibly because these elements produced the fine preci-
pitates and refined the recrystallized grains. However, Fe decreased the notch toughness,
although it increased the strength by inducing fine grains. It was suggested that this was due
to the incoherent compounds, formed on casting, which remained undissolved during homogenizing
treatment.

The tendency of the strength increase of commercial Al-Zn-Mg alloy plates by the addition
of Mn, Zr, Ti, Ni and Co was smaller than that of high purity alloys. Further, these elements
hardly improved the ductility and toughness of commercial purity alloys.

Because the transition elements were forced to dissolve in the matrix by rapid solidification
during welding, the effect of transition elements on the welds was simple. Some elements
slightly increased the notch toughness of the high purity alloys, while they did not improve that
of the commercial alloys. Grain refinement by the Zr and Ti addition hardly improved the notch

toughness of the welds.

1. #

Al-Zn-Mg &3 & H #ElE Lo T ChrctEfEs
ZL OB ZELTWAHH, NG RHNEZER
W, MR EDBRENRD D, ZORDHERL VAR
BEOWHEEHECHE LU TEZ L OWERZINTE H, FHE
E&eHk, MERBEINTTED XL CEILTE OB O\ THE &
HNBENTWBY ™, L UEAS, KRESDOMIGIIE
BHAVEE, HEED D\ X OUEE O Rl SRS S
R LIELERINE N AMn, Cr, Ti, Vi EOBERITLE,
FREEE X FZ OB OB T LT
HEASEA L YREMCHNONZHEIZSE D LR
BriHdbZ2RBD 5N D,

HHLT CRMBOMnB L Zr 2 & Al-Zn-Mg &
&1 L O OB O UK MES X O 2L R T
bHFeBIOSIOMME L bIRELUIETTAZ &2
LY 2Tk FeB Lo Si 280 B Mo &
FEOBREMRERLTWAZ L 2REBLAN, MnRZr
I EDORBH DRI S WRICKEOIRING X 2 F55E

il

HESE, 24 (1974), 158 ¥k
B

DEDBIIC DNTIEAHRT LT &7,
ZFITARMTIE, INLHDZEHEELT Al-Zn-Mg

BEB I OZ OBEEOWE R X7 OBBEEEC s 2T

TEBILEOBBC OWTHRHETHZ LI Ui,

2. RBREHS LUVHE

EEHENIE MRS (99.99% A1) ¥ L ot
& (99.5%A1) THEML 7 Al-4.5%Zn-1.5%Mg(wt%)
A4 T, Mn, Cr, Zr, Ti, V, Fe, Ni, Co, Mo 7z ¥ D#E®
THE2 0~0.4% (Mn B Lt Fe) 8X00~0.2% (3D
foIEE) DWW TENZENEMU oo BB O5R
4% Table 1iZ7R7,

720°C CHEEETNTEA A,  450°C X 24hr O¥E sV
7> TH, BB LOBHAEET2 B X6 mmiicL
Fro R DEMLERIEA65°C X Shr D I L ALER B M 29 % U
HIE TOF MR $:120°C X 24hr DEER UK (T 6 JLEe)
ThdHo WolXDIEHEM (6mmiF) 1LE&D B T
TIGH: (MHE#1/¢2) WX YIERR L7,
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Table 1 Chemical compositions of test materials.
High purity alloys Commercial purity alloys
Note
Zn ] Mg l Fe Si others Zn Mg Fe Si others
none 4.41 1.49 <0.01 <0.01 e 4.48 1.52 0.30 0.09 —
Mn 4.30 1.42 <0.01 <0.01 [0.11(Mn) 4.54 1.56 0.28 0.08 0.10(Mn)
oo 432 | 142 | <001 | <0.01 |0:20Mn)| 438 | 157 | 0.28 | 0.07 | 0.21(Mn)
4.32 1.53 <0.01 <0.01 0.41(Mn) 4.60 1.57 0.29 0.08 0.39(Mn)
Cr 4.48 1.48 <0.01 <0.01 10.05(Cr) 4.52 1.52 0.27 0.08 0.05(Cr)
addition 4.44 1.46 <0.01 <20.01 10.09(Cr) 4.52 1.52 0.28 0.09 0.09(Cr)
4.41 1.45 <0.01 <0.01 ]0.19(Cr) 4.57 1.54 0.29 0.08 0.19(Cr)
7r 4.37 1.44 <0.01 <0.01 10.05(Zr) 4.47 1.53 0.29 0.09 0.05(Zr)
T 437 | 144 | <001 | <001 |0.10CZr) | 4150 | 155 | 0.29 | 0.08 | 0.10Zr)
4.48 1.50 <0.01 <0.01 [0.18(Zr) 4.54 1.58 0.30 0.09 0.18(Zr)
Ti 4.46 1.51 <0.01 <0.01 10.04(TD) 4.52 1.52 0.29 0.08 0.08(T1)
adition 454 | 152 | <001 | <0.01 |0.11CTH| 552 | 1.5 | 0.30 | 0.09 | 0.14(T)
4.51 1.51 <0.01 <0.01 |0.22(Ti) 4.58 1.55 0.29 0.08 0.26(Ti)
v 4.50 1.48 <0.01 <0.01 10.04(V) 4.43 1.49 0.27 0.09 0.05(V)
adition 443 | 147 | <0lo1 | <001 |0.0CVY | 455 | 154 | 0.27 | 0.08 | 0.10(V)
4.45 1.48 <0.01 <0.01 0.19(V) 4.58 1.55 0.28 0.09 0.20(V)
Fo imone bl 20 8 - - -
¢ . ) . . <0. e — — — — —
addition 4.31 1.44 0.38 <0.01 (Fe) - .
Ni - - S B A S S
addition — — — — - 4.40 1.42 0.28 0.08 | 0.19(Ni)
Co - - . 1O 1B 0B 00| Dbatess
addition — — 452 1.54 0.27 0.08 | 0.17(Co)
Mo . - - - prra B SN - B o S oo
addition - — —- 451 1.55 0.30 0.08 | 0.21(Mo)
Beic & 5= 4 00 % — T L 720 Fig. LICBBFIEHR | -
L7 OISR R T, SABREIREE (RT) B&0— (A) Notched and unnotched. tensile- tests
196°CTHh 5, \————1—j 1
o) O |2
@) Q O 3
3. = B OB 2 o) i O |
- A\
3.1 BHOBIEME S & Uik SRS —\ Tk
e s A2 T
Fig. 2 @4 CRB Ll Al-4.5%2Zn-1.5%Mg @) h -*-\g /—
o (&)
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0.10%Fe, 0.11%Ti % & 08 0.20%Mn OFEINC X b Bl 190

B DML TWwb, & EZr ks XU Fe lRINDRH
Bhkx\h, LUV B LOCrORMIE L » THERR I
A UENLTWS, W5k Zr 2BRWTIER LA
EBL LTI, 0.18%Zr DEE N T HONRZE L KT
LTWABDE, BRTHCELBERENIE SN TV D
BHTH Do

Fig. 3 E@MESEOKREER T, 0.09%Cr, 0.21%
Mn % EOBEMTEIER S ITBML, Z oo
HELRD SNDHR, HROBEMESSOEEL 56D
L BB S OEINERIZD 2\, Fie, BURRARBRUTD S,
HAZ2NTEHEMEAS L BERAETH D, 0.18%ZrR
W DHPE DB LU TnB,

— 2

(B) Charpy impact test 45°
\ A e c.> -(-:-V—-
T T
55 > 6= t0‘25R

Fig.l Shape and size of test specimens.
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Mg DK RN TH B2, HEMESS TRBM TS
Do Fio, I TIREERBICEH L LREED Fe-SiRD
{LBYRE LB 6, HBHERCLA TS,
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Fig. 4 Micro-structures of high and commercial purity
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Fig. 3 Effect of transition elements on tensile properties
of commercial purity Al-Zn-Mg alloy sheets at

room temperature,
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Fig. 6 Effect of transition elements on grain size of
high and commercial purity Al-Zn-Mg alloy sheets.
Specimen containing 0.18% Zr does not comp-

letely recrystallize on solution-treatment at 465°C.
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Fig. 7 Effect of transition elements on notched tensile
strength of high and commercial purity Al-Zn-
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Fig. 8 Electron-fractographs of notch-tensile specimens tested at —196°C in high purity Al-Zn-Mg alloy sheets,
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Fig. 9 Effect of transition elements on notch-yield ratio
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Fig. 10 Effect of transition elements on Charpy impact
value of high and commercial purity Al-Zn-Mg
alloy plates at —196°C. Notched parallel to the
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Fig. 12 Effect of transition elements on Charpy impact
value of high and commercial purity Al-Zn-Mg
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Fig. 14 Cross-section of the fractured edge of Charpy impact specimens tested at —-196°C in high and commercial

purity Al-Zn-Mg alloy welds. (x400x0.6)
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Densities of Na,AlFAlF,-CaF,-Al,O; Melts
between 980°-1100°C by Regression Equation

by Noriaki Tanaka, Kiyoshi Fukuoka and Katsuhisa Itoh

The densities of Na,AlF,~AlF,-CaF.,-Al,O, melts were measured by the hydrostatic weighing
method over the composition range encountered in commercial aluminium electrolysis.

The densities decrease quadratically with an increase in the concentration of aluminium
fluoride, logarithmically with alumina, and linearly with the temperature of the melts. On the
other hand, they increase linearly with an increase in the concentration of calcium fluoride.

A regression equation of the densities of the melts is given by

fa=2.9235—0.2137 x10~*(CaF.) —0.2771x 107" In (1 -+ (ALO,)] —0.4823 x107* (AlF,) +0.2320x107°

(AlF,)?® +0.1323x10"* (CaF.) In [1-+(AL,O.)3 +0.1924 107" (CaF,) (AlF,)+0.7417x10~* (AlF.)

In (1+(AlL.O))—0.3077 x10~* (CaF,) (AlF,)*—0.1664x10"* (AlF,)* In (14 (A1,0,)1—0.9259x10~*

(CaF.) (AlF,) In(1+4 (AlLO,)) +0.1553x107*(CaF,) (AlF,)* In(1+ (Al.O;)1—0.8330x107°¢
where (CaF,), etc., represent weight per cent (w/o) and t represents the temperature (°C) of
the melts. Relative errors are within 0.7 per cent.
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Fig. 1 Schematic diagram of the density measuring
apparatus.
1. Analytical balance 8. Platinum wire (0.3mm¢)
2. Argon gas 9. Platinum crucible
3. Alumina cover 10. Molten salt
4. Inconel tube 11. Alumina cover
5. Electric furnace 12. Platinum sinker
6. Radiation shields 13. Heater
7. Thermocouple
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Table 1 Densities of various liquids at 20°C

Literature Measured Relative
Sample value value error
(g/cm?) (g/cm?®) (%)
Distilled water 0.9982 0.9971 —0.11
Benzene 0.8787 0.8769 —0.20
lEthyl alcohol 0.7893 0.7874 —0.24

Table 2 Densities of KNO, melt at various temperatures

. o
Temperature | Mg | Mogmired | Koo
(g/em®) | (g/cm®) (%)
351 1.8603 1.8610 +0.03
400 1.8231 1.8265 -+0.18
457 1.7797 1.7837 +0.22
499 1.7478 i 1.7453 —0.14
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Fig. 2 Density vs. temperature (81.5%Na;AlF,-4.8%AlF,~
6.29%CaF,-7.5%Al1,0,melt)
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Table 3 Constants of linear equations for the densities
of NayAlF,-AlF,;-CaF,-Al,O; melts

Q) X2REHTHE
fe=a,+a.(CaF,) +a,dn(1+ (Al,O.)] +a,(AlF,)
+as(AlF)*+a,(CaF)In(1+ (AL,O,))
+a,(CaF,) (AlF,) +a,(AlF)In(1-+ (ALO,))
+a,(CaF,) (AIF,)?* +a,, (AIF,)*In(1 + (Al.Oy)]
+a,,(CaF,) (AIF)Inl(1+ (ALO,))
+a,,(CaF.) (AIF) In(1 4 (ALO) ] +aef )

ZIZT, ar~as BHLLEEE TS D,

Table 3 iZ/RL 7230 @ FA 5 1000°C, 1050°C s L ¥
1100°C sty AEE RETH L, Zhb00DF—2—%
AWTWROER 2 ERABOW TR 2o I IBM
S/370-—M145 % i\~ 7z, EL5AESR % Table 4 WiRd, &
BT o B ol & Table 4 ORI EHWTEHEREL K
W O & ORI 0.7TBLUNTH -7 ORI
TG SN TWBBELAELE b X O™ ORI
BAOKE L LNTHLTORIGTE %,

R SBROERSDBWEI >WTHE, BTV =
7 AERBOMRGHZSIEL TWHEEBASNBH, i
B DOWTIEREORBE L D EWEH R s/ Uz
Mo T, A LI HIFE TR 0w H I 2 EEREOR
B E T 52012k, S5EME2ETLTHS I,

il

4. ¥

WA VI =0 ABRBREUT—RECH WL T WS
Na,AlF,-AlF,-CaF,-ALO, RIEBURIZ D\ TR OHIE
BRI otne BERERDSOBRELS L MREOEHEL T,
KOBRABRTH S5bT I ELNRTE,

Table 4 Regression coefficients

Composition by weight
a* bx10%*
AlFs (%) | CaF, (%) | A1,05(%)

0.5 - 1.4 2.9149 0.8478
0.9 e 3.4 2.8987 0.8435
1.2 5.5 2.8739 0.8278
0.4 7.0 2.8684 0.8301
1.0 11.1 2.8225 0.7952
2.8 7.2 2.8632 0.8311
4.2 7.4 2.8536 0.8334
4.9 7.6 2.8184 0.8165
1.2 7.7 2.8401 0.8074
3.1 2.9429 0.8656
4.4 2.9412 0.8654
6.5 - 2.9300 0.8594
0.6 1.0 6.7 2.8761 (0.8282
0.8 3.0 7.9 2.8669 0.8074
1.7 4.9 7.5 2.8997 0.8275
1.1 7.5 7.3 2.9128 0.8206
0.7 11.8 7.4 2.9303 0.8172
1.8 6.1 8.0 2.8957 0.8204
4.8 6.2 7.5 2.8763 0.8057
4.2 6.2 3.0 2.9191 0.8380
7.2 6.1 10.3 2.8286 0.7670
5.1 6.2 6.7 2.8868 0.8141
5.5 6.2 8.0 2.8592 0.8096
3.9 5.7 5.3 2.9448 0.8682
2.5 5.2 0.3 2.9826 0.8685
2.3 11.0 0.3 3.0252 0.8740
3.3 1.2 4.3 2.9228 0.8584
3.5 3.1 3.4 2.9291 0.8571
3.8 5.1 4.2 2.8854 0.7993
3.4 6.9 3.6 2.8597 0.7684

Term Coefficients
(CaF,) —0.2137x10"*
In(1+(A1.05)] —0.2771x10~*
(AlF,) —0.4823x10"*
(AlF,)? 0.2320x10*
(CaF)Inl1+ (Al,04)) 0.13283x10"*
(CaF,) (AlF,) 0.1924x<10~*
(AlF)HIn(1+ (Al 04)) 0.7417 %1072
(CaF,)(AlF,)* —0.3077 x10"*
(AlF)*In(1+ (Al,04)) ~0.1664 x 10~
(CaF,) (AlF)In(1+ (A1,04)) —0.9259x10"*
(CaF,) (AlF ) 2In(1+ (Al,04)) 0.1553x10°*
t ~—(.8330 x10~*
Constant 2.9235
Restrictions
(CaF,) =< 11.8 (w/0)
(AlFs) =< 7.2 (w/o)
(A1,Os) =< 11.1 (w/0)
980° < ¢ = 1100°C

*a and b are constants of the following equation; f4=a—bt
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Tbb,

fa=2.9235-0.2137 x 107*(CaF,) —0.2771 x 10
In(1+4 (A1,0.)1—0.4823 x 10~*(AIF,) +0.2320
x107*(AIF,)*+0.1323 X 1074CaF ,)in (1+(ALO,)
+0.1924x107*(CaF,) (AIF,) +0.7417
x107*(AIF)In(l+ (AL.O,)J~0.3077
% 107*(CaF,) (AlF,)®—0.1664 x 10~*(AlF,)*In{1
+{A1,0,)] —0.9259 x 10~%CaF.)JAIF)In(1 -+ (ALO.)]
+0.1553 x 107*(CaF,) (AIF)*In(1+ (ALO,))
—0.8330x 10~%¢
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AT B R FEIR T v & = v & TERASHES
AT TBARE B L U B9,
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Application of Copper and Its Alloy Tubes

for Town Gas Service Lines*

by Shiro Sato and Kiyoji Sagisaka

In case of application of copper and copper alloys for town gas pipes, the corrosion
resistance should be considered as a matter of importance, because the town gas usually contains
a minor amount of impurities such as hydrogen sulfide and ammonia which are well known as
the aggressive substances to copper.

Investigation made on a copper flexible pipe removed from town gas service line revealed
that the corrosion was mainly caused by the attack of hydrogen sulfide and the maximum
corrosion rate was 0.012mm per year which would be accelerated by scale removing action due
to flexible motion of of the pipe.

Chemical analysis made on the drain separated from town gas showed that pH:6.1~7.4,
ammonia (as NH,*):0.9~180ppm, hydrogen sulfide (as $*):Tr~0.16ppm and acidity:39ppm.

Corrosion tests made on copper and some copper alloys have shown the superior corrsion
resistance of copper and copper alloys to that of carbon steel, which are summarized as follows;

Corrosion rate in mm per year

Test conditions Copper and Carbon steel
copper alloys
1 S;?i?céisiflem town gas Gas space <0.1x10"* 1.7x1072
Gas space 0.4x107* 12.4x1072
2 Town gas drain
Drain zone 0.5~1.3x10"? 3.0x107*
Gas space 0.4~0 5x107* 8.0x107®
3 Synthetic drain
Drain zone 1.1~1.2x107* 7.0x107*
Gas space - 2
N -5 <0.1x1072 0.7x10
4 Ammoniacal solution -—gljzlé Xé(l)?)e mol/l
—~ -2 -2
NH,CL:0.05wt.% 0.6~1.2x10 7.6x10
Gas space _ 2
. - <0.1x10°2 0.2%10
5 Sulfide solution ﬁfm%i 522(52 ‘mol/l
~ -2 ~-2
Na,S:0.1wt.% 0.3~0.7x10 9.2x10

It is concluded that the copper alloys are promising as the town gas piping materials because of their
superior corrosion resistance together with its advantages on piping works to carbon steel.

1. #

il
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Table 1 Compositions of the town gas.
Compositions Content (wt %)
CO 4~ 6
H, 35~45
CH, 19~23
CmHn 3~ 7
CO, 5~10
0O, 1~ 3
N, 14~22
Totol S <0.2g/m?
H.S <0.01g/m?
NH, <0.1g/m?

TAVDEPCRBEINTWD L BInLE Ry R
WU, FrooRe#HsEL i,

I DHHTH A KL o ig bW N v e Bl L TYER,
U 72820 ORIEIRIE BT, #Rdie i >nTEA
M2l s, AR HEHRET 5 2 2T Ui,

Fiz, A b bBEDT v €= 7 X OHIAKED
BB 3517 2 IR e & DI AME % LIRS L, A
BE S92 4 X MRS OIR AR E 2 IR S W 5T Ui,
INzbe, METARLBHEIA NV, GHIND
AREME 2SS 2 R OB 57 D6 L 0ol &
Bie, Wohrc L5 e Ui,

%, HEABCIEES L RSN, BEEHR10%
Fadluz o s MR EBOIDERHESLBEDOLDICHL
720

It

2. AR L XV TINF A —-TOFE

—RRECRS T, W2ERC bz THBINTE
HAMEABREOHM 7 LR Tvs . —TIEDONT, B
RRW I & 2 THEU 72,

AKIVFUTF o —TONEIIE, BERr— UaiE
HR U T a2y, ASABEICIE R o — U S HIEE L T B

262524 2322 21 20 1.9 1.8 1.7 1.6

Cu2S
| (ASTM9-328)

262524 23 22 21 20 19 18 17

o

Spacing,d(A)

Fig. 1 X ray diffraction pattern of the corrosion product
formed on the copper pipe used in the service

line of town gas for about 314 years.
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AR L 2oaRRE, W&, v BB, B,
0% % 7 0= o vBLU30%F T v= ol ThbD,
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b, WHIC Smme DA 25T ThH 5, U IEREH & &M
Geid, RN CRERE LS VI 23 2 57423, ke
EHRDOEE DB D2 A\ iz, SEAIIHEY 2V TEEDF
BEL, & oIEBpEEL THRBUCHLL 72,

3.3 AR

VRS, M, 0% % 2 e = o r vk L ot30
%% 27wy Vi, B SRR, EEG, R
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Table 2 Weight loss and corrosion rate of specimens

tested in the service line of town gas for 864

hours,
. Weight loss | Corrosion rate
Specimens (mg/cm?) (mm/year)
Carbon Steel 124 X102 1.7x10~#
Deoxidized Copper 6x10-2 0.1x10~*
70-30 Brass 4x10-2 0.1x10-2
90-10 Cupronickel 6x1072 0.1x10-*
70-30 Cupronickel 3x10-2 <0.1x10"*

Al 6 HWAELZEIL, ZOKR% Table2i2/Rd, V
v BB L S MASOEEER, R#o1/17~1/20
TEULDINZ ERbD 57,
WEEFTTER L TWB R 7 — Vi 2 2 X A 2 i &
S lckER, a-Fe,0, H,O 2 U7ze Dz &%, &
B DFEF KRB, BRKBE /B L T2 &b,
HHA2T 4 v iesd R OEARERCIE, KoarEs
LTWBZ e b,
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Table 3 Chemical compositions of specimens. (wt. %)

Materials 1 Cu \ P t Pb } Fe . Zn 1 Ni ] Mn ‘ c S si

Deoxidized Copper 99.¢6 | 0.029 | <€0.01 | <€0.01 - — - -— - -

70-30 Brass 70.20 0 — | <0.01|<0.01] R — - - - -

90-10 Cupronickel R — | <0.01]| 1.07] — 10.25 | 0.25 — e e

Carbon Steel — 0.007 | — R — — | 0.280 0.08| 0.012] <0.01

4. B & R B Fizsx 2832 TH b, SR OMITIGRIREBIZ U,
SRR AT X352 ] T %, AMBoOME R Fig. 2-(b)ic

4.1 &R R,
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Tro BERFTIZMEY XV THIEEL, BRER L CEBUCHLL 72,
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DR B FHRE L 720

S, RIANLHBHEF AR L0055, 6 FEENo,
1~No.B) %3 2 (FE: 1D 0.4l F>AN, KL
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AT, BRETHBRU o BN IESEMEC>WT 2H3 D
FAW, B ORITIBEBIKIBI Ul BRI ENIES0 ©
BB HEBMOWEE 2 Fig, 2(@)ICIRT,

iz, 1TEFoOrFLy (No7) &2\ Tik, MEHRYE
U (R 5D ARV R2IARN, FLumhBld
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Fig. 2 Schematic diagram of the corrosion tests.
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Table 4 Paus in gas spaces of ammonium hydroxide solutions.
Ammonia concentration Measured value Calculated value
as NH, of solution .
o pH of solution NH3 partial Prus NH, concentration
(wt. %) pressure in gas space
(mol/1) Range Mean solufion (mmHg) (mol/1)
0.01 10.98~10.85 10.61 10.52 7x10-2 3.8%10-°
(0.006) : ) ’ : .
0.05 ~ _
(0.03) 10.98~11.45 11.17 10.87 34 %102 18.8x107¢
0.10 - -
(0.06) 11.23~11.70 11.45 11.02 68x107* 37.2x107¢
10 - _
(0.59) 11.97~12.81 12.19 11.52 758 x107% 415 x10-¢
3.0 c _ ~
(1.76) 12.39~12.90 12.62 11.75 2,423x107* 1,800 x107°

VT 2MAH A N v oo (NH BEE, FiR@5°0)
T 160ppm 78 5,

BT re=0 r{KOBE, A ACEHEINDT
REfEZ S B (NH R (160ppm) 28k 5 &95%&,
Be7 v e 2K (pH: 6.5 95%) OBREIXN2TS
(TorE=T7PRE %) KishH, UL, HHHFRF
VR Ul iEE, %k (Table 6) ¥5k5ic, Fur
VRO T v = TREIXEK 180ppm ¥ X f 1 43.2
ppm THb, TDEEXEDORF LD pHIZ6.9FB5L6.8T
BB, DI LB, KL Yo (NH ik 0.8ppm,
e 0.15ppm Wi B, T OfHIE, WA A F v oHIES
FHanasmwielrnd s (NH,) OB KEE 160ppm b L
T, BULD W, URsT, iz FLrricERe
GEFEIND (NH,) B, FRCEHETLHHEEUTHE
INIBRKRFEBLIO L, 2RO PRVWEVWADB, ZDk
W, BT vE= U AR CORBRTIE, WHSA Ly
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ER LTz,

ARERED B kL UT, HL7vE= 28I ¢
K7 v e=9 A DEEH0.01, 0.05, 0.10, 1.0 &
X 8.0% DOKBR 2GS &AM (BE: 50D w25l A
M DWTIRER A, BB O OWTIRKER L BRI
o, AR DA T, Aa e L ORETHE (25°C)
CTHRBU oo BRBRBEERA 26BN TAEBA 4 T
FITNT 5 2 & 2B A7, 150 BREIRRT 5 &L TEHE

W2 UNABLE 6 B DB A o 6 [HEOBEK TORER
[ 2 2501 [ & U T, D~EBRKE [ % 1, 000IE[ & U 72,
BRE DK T & = 7K T 57 v e =7
HARER, X658 L TRY, Tabled iR L 72,
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CRBEROKI pH 25, HERI > TRDBZ EIZ U,

ity — X REES30.01, 0.1 35X ¢ 1.0ppm A D pH

W, SEEEEL U X CH B, I 6 DERIZE N
T, () LD S REEAEFEEL WS LRI D,
& - T, BEAPO (HS) BER @ Re X - TR,

Na,5=2Na-+S*"
HS™=S$*"+H*
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K,=1.2x10"* (1)
K,=9.1x10"® @)
FHRC X TR B R

Table 5 Pu.s in gas spaces of hydrogen sulfide solutions.
Sodium sulfide Measured Value Calculated Value
concentration
of solution (H:S) concentration ; H.S concentration in
(ppm) pH of solution of solution H.S partial prossure g;s space
(ppm)
(mol/) (mol/1) (mmHg) (mol/1)
0.01 0.003 - -
(1.83%1077) 6.60 (0.9%10"7) 7x10"* 0.4x1077
0.1 0.037 s B
(12.8X10'7) 6.28 (10.9%x10-7) 83x10 4.5x10
1.0 0.154 . -
(128.2X10°7) 7.30 (#5.4X10°) 801107 165107
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Table 6 Analyses of the town gas drains.
T Drain mark]
No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 Mean
Compositions
pH 6.7 6.5 7.4 7.2 6.1 6.6 6.9 6.8
Relative conductivity . _ . . _ — 1,320.
(10 Jem) 1,320. ,320
Alkalinity (ppm) — — e — — 49. 49.
Acidity (ppm) — — — — e 39. 39.
Total hardness (ppm) — — — — e e 87. 87.
Total ammonia &S 12.2 9.2 0.9 1.5 2.4 96.4 180. 43.2
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Table 7 Mean corrosion rate and ratio of corrosion rate of the specimens in the various corrosive environments.
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An Improvement of Rolling Stability during
Cold Rolling of Aluminum®

by Shigeru Kondo™*

Forward slip during the rolling process is adopted as a measure in evaluating rolling
stability. Forward slip during cold rolling of aluminum has a serious effect on the productivity
as well as the quality of rolled sheets. The forward slip must remain within a specified range
depending on the thickness of sheet if the rolling is to stay stable. Rolling speed, rolling tension,

rolling oil viscosity, additives,

rolling surface roughness,

and roll diameter constitute an

important factor for controlling forward slip during rolling. The present paper examines the
effects of these factors on forward slip using both production-type and experimental rolling

mills,

1. Introduction

Unlike the widely-reported coefficient of friction
for rolled-steel, the coefficient of friction for
rolled aluminum tends to assume much smaller
values because of its reduced deformation resis-
tance and because of the lubricative effects of
thinly coated aluminum powder on the roll surface.
As the rolling coefficient of friction decreases,
the forward slip, defined as the ratio of the sheet
speed at exit to the roll’'s peripheral speed, also
takes on lower values. This coefficient sometimes
becomes negative. A negative forward slip often
results in vibration marks on a rolled sheet at
10-12mm pitch. In extreme cases, it often happens
that the rewinding reel stops rotating even if the
roll itself is rotating. Rolls are then often damaged
by scratches, requiring replacement, and the
products lose much of their commercial value,

The primary role of lubrication in plastic wor-
king of metals is to reduce the 'friction exerted
between the tool and the material. In aluminum
cold rolling, it is further necessary to control the
friction in a suitable manner.

The reduction in coefficient of fricton observed
above reflects the increased proportion of fluid
friction in the entire lubrication effect for a given
roll clearance.

New rolling mills being installed in modern
plants adopt increasingly faster rolling speeds to
improve productivity. The faster the rolling speed
becomes, the more easily hydrodynamic lubricative
oil films are formed between the roll and the
material. Consequently the percentage of fluid
lubrication performance during the rolling is
relatively higher than that of boundary lubrication

*Presented at the Lubrication Symposium, Key Biscayne,
Fla., June 17-19, 1974, of The American Society of
Mechanical Engineers,

**Nagoya Works, formerly Technical Department.

under the same rolling conditions.

On the other hand, the balancing of front and
back tensions of a rolling mill becomes an impor-
tant problem because the smaller forward slip on
thicker strip tends to lose much of the rolling
stability essential to the successful rolling oper-
ation. The effects of sheet thickness and tension
on forward slip are investigated quantitatively in
the present study.

The use of inflammable mineral oils in aluminum
rolling increases the danger of a fire particularly
for the more severe rolling conditions. It is most
important to develop oils of higher flash tempera-
tures for a higher speed, higher reduction per pass,
in order to avoid the risk of a fire hazard. Note,
however, that a higher flash point means a higher
viscosity. Reduction in rolling friction produces a
corresponding reduction in forward slip, decreasing
the rolling stability. Accordingly, various effective
measures must be taken to provide a stable forward
slip including modifying the composition of rolling
oil. ’

The requirements for shape of a rolled product
are becoming more severe, Accordingly various
roll bending systems are being built, including
increased roll diameters which help the bending
effect to penetrate well into the center of the strip.
A larger roll facilitates the introduction of rolling
oils between the roll and the material by wedge
effect, thus reducing the coefficient of rolling
friction and reducing the corresponding forward
slip.

The behavior of forward slip during rolling is
investigated in this paper: the effects of rolling
speed, front and back tension, sheet thickness,
rolling oil viscosity and composition, roll surface
condition and roll diameter on the forward slip
are examined.

As phenomena associated with high speed rolling,
the nonuniformity of rolled sheet finish due to
rolling oil entrapment, and differences in Iluster
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Table 1 The main features of rolling mills used in the

experiments
Mill
Rolling mill No. Size of rolli(mm) Rolling motor
speed power
(m/min) (kW)
R1 635" & 1,400¢ 0-900 3,000
Production- X 2,200
type mill R2  390¢ & 1,120¢ 0-150 750
X 1,500
Experimental RI10 1509 % 250 7-70 37
mill

Table 2 The degree of surface roughness of rolls
used in the experiments

Mesh of Degree of roll

grinding surface
Type of Surface finish wheels roughness
roll of rolled sheet (mesh) (Hcepa)(pm)
MF roll Mill 80 0.85-0.50
finish
BF roll Bright 220 0.13-0.15
finish

Table 3 The viscosity of base oils (at 303 deg K) used
in the experiments

Kinematic
viscosity Absolute
No. Base oil (cSt) viscosity (cPa.s)
1 Kerosene 1.20 1.51x10"?
2 Genrex 55 2.80 3.50x10~*
3 Kensol 70M 4.30 5.28 %107
4 Kensol 71M 5.50 6.71x107*

of rolled sheet, should also be considered when
seeking good rolling performance. However, only
the reduction in rolling stability is considered in
this paper.

2, Experimental apparatus and test procedure

2.1 Rolling mills used in the experiments.

The main features of currently operating produc-
tion-type rolling mills R 1and R 2 and experimental
mill R10 are given in Table 1.

Both R1and RZ2are 4-high single stand rolling
mills while R10 is a 2-high single stand rolling
mill,

2.2 Rolled materials,

The materials used were AA1050 and AAI1100
commercial aluminum in the strain-hardened con-
dition.

The tensile strength of the materials remains in
the 140~200MPa range.

2.3 Surface roughness of roll,

Market requirements for the finished surface
condition of aiuminum sheet product are varied,
Aluminum sheet fabricators use rolls of various
degree of surface roughness for finishing in the
cold rolling of aluminum. Two types of rolls, of
which the degree of surface roughness is given in
Table 2, are used in these experiments.

2.4 Rolling oil,

In aluminum cold rolling, nonagueous rolling
oils are used to avoid possible aqueous corrosion
of the aluminum. Mineral oil is used as the base
oil with a few perecent of boundary lubricant added.
The mineral oil viscosity is relatively low, lying
somewhere between kerosene and light mineral oil.
As the boundary lubricant, a higher alcohol or
fatty acid ester is used. The viscosities of the
base oils used in the experiments are given in
Table 3.

2.5 Calculating the coefficient of friction.

Several calculation methods for the coefficients
of rolling friction are available: (i) from the data
on rolling pressures; (ii) from the measured data
on forward slip; and (iii) from the data on rolling
pressures and torques by shifting the neutral
point to the exit side. The second method based
on forward slip is adopted in this paper.

The Bland & Ford approximate equation” is
used in computing the coefficient of friction from
forward slip, which takes account of back and
front tension. The mean coefficient of friction
during rolling can be calculated from forward slip
as in equation (1). See Appendix 2 for details of
the derivation.

In our case, the mean yield stress is the product
of 2/+/ 3and the yield strength of the material.

Yield strength for aluminum and its alloys is the
stress at which a material exhibits 0.2 percent
permanent set.

o= dktaoh,—o,h,
(f?;— mh) -4kR’
7

2.6 Measuring forward slip.

A measuring method for forward slip is explained
below, The outline of production-type rolling mills
R1land R2and the experimental mill is given in
Fig. 1. The forward slip (m) is expressed by equ-
ation (2) below in terms of the strip’s exit-side
speed (Vs) and the roll’s peripheral speed (Vz).

Forward Slip (m) :M .................. (2)
Ve
Here the roll’s peripheral speed is obtained from

Back up roll

Thickness
gauge

Exit deflector

roll
Entry deflector

roll
Work roll Ve

' ©1

Q)

Payoff reel Re-winding

Fig. 1 Schematic illustration of rolling mill
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MF roll; material, AAI1100; reduction of sheet
thickness, 1.50 to 0.60 mm; rolling oil, Kensol
71M-+higher alcohol; front tension, ¢,=14.0 MPa;
back tension, ¢,=7.6 MPa.
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Fig. 3 Relation between coefficient of friction and rolling
speed. Rolling conditions are same as in Fig. 2.

an oscillogram record of the roll drive spindle
speed taken by means of a proximity sensor. The
strip’s exit speed is obtained from an oscillogram
record of the deflector roll speed taken by means
of a proximity sensor by noting the fact that the
deflector’s roll peripheral speed at strip exit is
equal to that of the strip’s speed at exit.
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Fig. 4 Relation between forward slip and rolling speed
in the examinations of the effects of roll surtace
roughness on rolling stability. Rolling conditions:
rolling mill, R1; type of roll, MF roll and BF
roll; material, AA1100; reduction of sheetjthickness,
1.05 to 0.60 mm; rolling oil, Kensol 71M+higher
alcohol; front tension, ¢,=14.0 MPa; back tension,
g,=7.6 MPa.

3. Results and discussion

The results of experiments which study various
factors affecting rolling stability are described
below. They are all obtained from production-type
rolling mills R1and R2and the experimental rol-
ling mill R10.

3.1 Rolling speed,

Increased rolling speed also increases the amount
of rolling oil brought into a wedge formed by the
roll and material, thus reducing the coefficient of
friction. In the present experiments, the effect of
rolling speed on stability is examined in rolling
mill R 1.

Fig. 2 illustrates this variation of forward slip
with roling speed, under the following conditions:
material, AA1100; reduction of thickness, 1.05 to
0.60 mm; and tension balance of back tension o,
7.6 MPa and front tension o,, 14.0 MPa. The coeffi-
cients of friction obtained from the forward slip
using equation (1) and the rolling speed are plotted
in a logarithmic graph in Fig. 3.

The forward slip decreases monotonouly as
the speed increases (see Fig.2), representing a
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linear relation. If it is assumed that rolling can
be continued on down to the vanishing value of
forward slip, the rolling speed can be increased up
to the maximunm of 1,400m/min without losing
stability under the given rolling conditions.

Refering now to Fig .3, the friction coefficient
decreases as the rolling speed increases. They can
be correlated by a linear relation in a log-log
graph with its slope given by —1/6.2. It is most
interesting to note that this power is very close
to the value —}§ obtained empirically by O’Donog-
hue et al.” for the rolling and sliding coefficient
of friction using an Amsler-type fatigue tester
(see Appendix1for detailed discussions on this
point).

It is clear that faster rolling speed reduces both
forward slip and coefficient of friction and that
the rolling stability is jeopardized.

3.2 Roll surface roughness,

It is known that the rolling stability of cold
rolled aluminum depends crucially on the roll’s
surface roughness®. Roughness effects are inve-
stigated here using the production mill R1.

Fig. 4 shows the relation between forward slip
and rolling speed when either MF roll (Hera =
0.35-0.50pm) or BF roll (Hcra =0.13-0.154m) is
used, under the follwing conditions: material, AA
1100; reduction of thickness, 1.05 to 0.60mm; and
tension balance of back and front tension, 7.6 MPa
and 14.0 MPa, respectively. It is very clear that
the forward slips with BF rolls are much smaller
than those with MF rolls. For example, in the
case of BF rolling, the rolling speed should be
increased up to 250m/min due to possible slip
effect. When the coefficient of friction at a roll
speed of 230m/min is computed from these forward
slip data, one has # =0.050 for MF rolls while 4 =
0.023 for the BF rolls. Coefficients of friction for
BF rolls are much smaller, with considerably
jeopardized rolling stability. Accrdingly, rolling
with BF rolls is more prone to slippage.

3.3 Viscosity of oil used in rolling,

The effects on the lubrication property of the
viscosity of relatively nonviscous oils often used
in cold rolling of aluminum are examined using
the experimental rolling mill.

Fig. 5 shows the relation between the coeffi-
cients of friction obtained from measured forward
slip by equation (1) and the viscosity. Data were
obtained under the following conditions; material,
AA1100; reduction of thickness, 1.20 to 0.80 mm;
rolling speed, 30m/min; additives, higher alcohol.
As expected, an increase in viscosity means a
reduction in coefficient of friction. The relative
change of coefficient of friction with a change in
viscosity seems to be greater in the domain of
lower viscosity. The coefficient of friction for cold

rolled aluminum and the absolute viscosity of
lubricating oil can be correlated linearly in the
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Fig. 5 Relation between coefficient of friction and base
oil viscosity. Rolling conditions: rolling mlli, R10;
type of roll, BF roll; material, AA1100; reduction
of sheet thickness, 1.20 to 0.80 mm; rolling
speed, 30m/min; additives, higher alcohol; base
oils, Kerosene, Genrex 55, Kensol 70M, and Kensol
7IM.

logarithmic graph of Fig. 5. The slope is —1/1.2.
This means that as the viscoity of the rolling oil
increases, the rolling stability decreases. The power
for the viscoity term given in the experimental
formula of O’Donoghue and Cameron is — 1§ which
differs from the present value considerably. This
discrepnancy can be explained as follows:

In the O’Donoghue and Cameron formula, the
relation was based on the rolling and sliding friction
data of steel disks, while in the aluminum rolling,
lubricating oil is more easily drawn into the con-
tact area due to the softness of the aluminum
pieces involved. The slope of the coefficient of
friction versus viscosity curve in the O’Donoghue
and Cameron formula should therefore be smaller
compared with that in aluminum rolling.

3.4 Back and front tension,

The effects of back and front tensions on for-
ward slip and coefficients of friction are examined
using the production-type rolling mill R 1and the
experimental mill R10,

3.4.1 Front tension

In the R 1mill, the front tension was varied
between 23.5-46.5 MPa over a range where unde-
sirable effects on rolling were not observed, with
the back tension fixed at 7.6 MPa. Fig. 6 shows



AA1100; reduction of sheet thickness, 2.00 to
1.05 mm; rolling speed, 400m/min; rolling oil,
Kensol 71M+higher alcohol; back tension, o, =7.6
MPa,
the effects of such changes of front tension on
forward slips and coefficients of friction calculated
by equation (1). Data were obtained under the fol-
lowing conditions: material, AA1100; reduction of
thickness, 2.00 to 1.05 mm; rolling speed, 400m/
min.; and type of roll, MF roll. It is interesting
to note that increased front tension increases the
forward slip but that the coefficients of friction
obtained by equation (1) assume a fixed value. It
should be noted here that, in this production-type
mill, the front tension could not be varied too
widely because of restrictions imposed in actual
production. This was possible in the experimental
mill where much wider changes were made in
front tension. The behavior of forward slip and
coefficients of friction is shown in Fig. 7 under
the conditions; material, AA1100; reduction of
thickness, 1.20 to 0.80 mm; rolling speed, 25.5m/
min.; type of roll, BF roll; and back tension, 10.0
MPa. In fact, the front tension was varied by about
8.5-fold from 8.8-75.5 MPa. As the front tension
increases, so does the forward slip; but as in the
production-type mill above, the coefficient of
friction again assumes a constant value.
3.4.2 Back tension
First, the back tension was varied from 6.2-9.2
MPa with the front tension fixed at 32.8MPa in a
range where undesirable effects were not observed
in rollng operations. Data were obtained under the

)
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Fig. 6 Effect of front tension on forward slip and coeffi- Front tension (MPa)
cien of friction in the production-type mill (R1).
Rolling conditions: type of roil, MF roll: material, Fig. 7 Effect of front tension on forward slip and

coefficient of friction in the experimental mill
(R10). Rolling conditions: type of roll, BF roll;
material, AA1100; reduction of sheet thickness,
1.20 to 0.80 mm; rolling speed, 25.5m/min;
rolling oil, Kensol 71M-+higher alcohol; back
tension, o, =10MPa.

same conditions as in Fig.6, except that front
tension was fixed at 32.8MPa. Fig. 8 shows the
effects of back tension on forward slip as well as
coefficients of friction calculated by equation (1).
Increases in back tension bring no substantial
change in forward slip. Regardless of the values
of back tension assigned, the coefficient of friction
from equation (1) assumes a fixed value. Much
greater changes in back tension were assigned in
the experiments using the experimental mill R10,
Rolling conditions were almost the same as those
in Fig.7 with the exception of front tension, which
was kept at the constant value of 42 MPa. The
behavior of forward slip and coefficient of friction
is shown in Fig. 9. For a 5.5-fold change of back
tension from 2.0-10.8 MPa, the forward slip tends
to decrease slightly as the back tension increases
but the coefficient of friction from equation (1)
remains roughly constant.

It becomes clear from this experiment that
changes in either front or back tension can not
affect the coefficient of friction during rolling, as
obtained from equation (1), which remain almost
constant; and that the rolling stability can be
controlled adequately by means of the front tension.

3.5 Roll diameter,

The coefficients of friction for various diameter
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rolls are examined with the oil and rolling conditions
fixed (percent reduction of gage, tension, rolling
speed, material) using the production-type mills
R1, R2 and the experimental mill R10. Rolling
conditions were as follows: material, AA1100;
reduction of thickness, 1.2 to 0.80 mm; type of
roll. BF roll; tension balance, back tension ¢,=19.6
MPa, front tension ¢,=68.5 MPa.

Fig. 10 shows a logarithmic plot of the coefficient
of friction during rolling, obtained from forward
slip data by equation (1), and the roll diameter.
Under the same rolling conditions, a smaller roll
diameter increases the rolling coefficient of friction.
They are again related linearly in log-log graph
with its slope given by —1/1.8. This is very close
to the experimental O’Donoghue and Cameorn’s
value of — 4.

Now reexamine the coefficients of friction of
Fig. 10 for a given roll diameter. By reversing
the process above, forward slips are calculated
from these friction data using again equaion
(1). Fig. 11 illustrates the relation between the

0.06
0.05

o

0.04

on

003
002
001

Coefficient
of frict

4 0>,=32.8MPa

Forward slip (%)

5 6 7 8 9 10 11
Back tension (MPa)

Fig. 8 Effect of back tension on forward slip and
coefficient of friction in the production-type
mill (R1). Rolling conditions: type of roll, MF
roll; material, AA1100; reduction of sheet
thickness, 2.00 to 1.05 mm; rolling speed, 400m/
min; rolling oil, Kensol 71M-+higher alcohol;
front tension, o,=32.8MPa.

forward slip at fixed coefficient of friction and
roll diameter. The computing conditions were as
follows : reduction of thickness, 0.83 to 0.50
mm; mean yield stress of material, 196 MPa;
tension balance, back tension o,=19.6 MPa; front
tension ¢,=68.5 MPa; and coefficient of friction,
#=0.021, 0.028, and 0.047. The forward slip for a
given roll diameter is connected by dotted line.
It is clear that the forward slip decreases slightly
as the roll diameter increases, thus jeopardizing
the rolling stability.

3.6 Additives.

Currently, either a higher alcohol or fatty acid
ester is most often used as an additive to cold
rolling oil for aluminum. The effects of such
additives on rolling stability are examined in the
present experiments using the production mill R1.
Data were obtained under the following conditions:
material, AA1050; reduction of thickess, 2.4 to 1.4
mm; type of roll, MF roll; additives, higher alcohol
or fatty acid ester.

Fig. 12 illustrates the relation between the
coefficients of friction obtained from measured
forward slip data by equation (1) and the rolling
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Fig. 9 Effect of back tension of forward slip and
coefficient of friction in the experimental mill
(R10). Rolling conditions: type of roll, BF roll;
material, AA1100; reduction of sheet thickness,
1.20 to 0.80 mm; rolling speed, 25.5m/min;
rolling oil, Kensol 71M+higher alcohol; front
tension o,=42MPa.
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Fig. 10 Relation between coefficient of friction and
roll diameter. Rolling conditions: rolling mills,
R1, R2 and R10; type of roll, BF roll; material,
AA1100; reduction of sheet thickness, 1.2 to
0.80 mm; rolling oil, Kensol 71M-higher
alcohol; front tension, ¢.==68.5MPa; back

tension, ¢,=19.6MPa.

speed for higher alcohol and fatty acid ester. In
either case, the coefficients of friction decrease as
the rolling speed increases. The rates of this
reduction are of the same order for both cases.
The forward slip and the coefficients of friction
are much higher with fatty acid ester addition
than those with higher alcohol addition. It is seen
from this that addition of fatty acid ester impro-
ves the rolling stability.

4. Conclusions

In cold rolling of aluminum, it is found that the
forward slip changes significantly with rolling
conditions. It is important to regulate the forward
slip within some specified ranges depending on the
sheet thickness if improved roliing stability is to
be retained.

To make high speed rolling of aluminum possible,
the following considerations need to be taken into
account in designing the rolling mill and/or in
setting up the rolling conditions.

(1) Viscosity of Rolling Oil, The use of mineral oil
of low viscosity is recommended here to prevent
the formation of hydrodynamic oil films between
the roll and materials.

(2) Tension. As shown by the classic theory of
friction, an increase in front tension increases the

7

12

10

1 =0.047

Forward slip (%)

R1

R10 R2

l I | l l l
0 100 200 300 400 500 600

700

Work roll diameter (mmg )

Fig. 11 Relation between the forward slip at fixed
coefficient of friction and roll diameter. Rolling
conditions used in the calculation: thickness of
the strip atentry %,-=0.83 mm; thickness of the
strip at exit %2,=0.50 mm; back tension, ¢,=
19.6 MPa; front tension, ¢,=68.5 MPa; mean
yield stress, 2=196 MPa; coefficient of friction,
r=0.021, 0.028, and 0.047.

forward slip during the rolling operation, thus
improving the rolling stability substantially. As
compared with the effect of front tension, no
appreciable effect is observed for back tension, at
least within the range of the present experiments.
(3) Rolling Oil Additives. In selecting additives to
the oil, in addition to the conventional consideration
of reduction in friction, some consideration must
be given to controll the friction between the
rolls and the materials being rolled. The use of a
fatty acid ester leads to a more improved rolling
stability than that of a higher alcohol.

(4) Roll Surface. To prevent a substantial drop of
coefficient of friction during rolling into negative
values, the roll surface must have a certain degree
of roughess. In the production-type rolling mill,
a surface roughness of 0.35-0.50 #m Hcra or more
is desirable,

(5) Roll Diameter. The rolling theory implies that
a larger roll stabilizes the forward slip. However,
from the lubrication point of view, the coefficient
of friction during rolling decreases as the roll
diameter increases. Accordingly, the two effects
are counterbalanced, a larger roll reduces the for-
ward slip just slightly, thus jeopardizing the rolling
stability. ,

- An empirical formula is deduced here which ex-
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Fig. 12 Effect of additives on forward slip and coefficient
of friction. Rolling conditions: rolling mill, R1;
type of roll, MF roll; material, AA1050; reduction
of sheet thickness, 2.40 to 1.40 mm; base oil,
Kensol 71M; additives, higher alcohol and fatty
acid ester; back tension, ¢,=6.8 MPa; front
tension, ¢,=23.7 MPa,

presses the effects of the various factors above on
the friction coefficients and forward slip data
during rolling. This formula is believed to be valid
within the range of the experiments,
Coefficient of friction #during rolling
_ { Constant
(viscosity)* **(roll diameter)’ **(rolling speed) °:*
The coefficient of friction increases as the oil
viscosity, or roll diameter or rolling speed decreases.

It is very interesting to note the coefficients of
friction for cold rolling of aluminum has the same
expression as that for the rolling and sliding
friction between two steel disks as tested by
Amsler-type fatigue tester (see Appendix1for
details).

Appendix 1

The effects of speed, load, viscosity, and surface
finish on friction are studied. An empirical relation
relating these measurements is presented by
O’Donoghue et al. The disk machine was used,
which consists of two steel disks mounted on shafts
of .08 in. center distance. If all the data are
plotted together, it is seen that the proportionality
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constant equals 0.6 so that the whole expression
reads:
S +22 6.6 :
f ,_( 35 ) R RV VY RV, V) PR ’”) ®
The units are very mixed and must not be altered.
They are as follows:
S =total initial disk surface roughness, micro-
inches CLA
V., V. =surface speed of disks, 1, 2, in./sec
M =viscosity of the oil, centipoises
R =reduced radius, inches (1/R=1/R,+1/R,)
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Appendix 2

Bland and Ford’ s theory for forward slip with
tension. The forward slip m is defined by:
hn COS ¢n—h-‘.__ hn_hz :*_I__d) 2
i, Tk B, T"
.'.Qb,, == m]g’_ :‘?21‘“_ ’—‘l‘kﬁ'ﬁ(ﬁk + 01h1 - Uahz) (11)
m=forward slip
% =mean yield stress
R’ =radius of the flattened arc of contact, obta-
ined from Hitchcock’s formula
h,=thickness of the strip at enty
h,=thickness of the strip at exit
¢,=angle subtended at the entry point=+#%,—%,
Voed

m ==

¢,=back tension, expressed as a stress
a,=front tension, expressed as a stress

i =coefficient of friction between the strip and
the roll

8 =absolute reduction in pass="h,—#,
According to formula (ii), we can see the relation
between forward slip and coefficient of friction in
Fig. 13 and also find the relation between forward
slip and gauge thickness to be rolled in Fig, 14,

Computing conditions were as follows: coefficient
of friction, # =0.05; reduction per pass, 40 percent.
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Expanding of Thin Wall Welded Titanium Tube

by Shujiro Suzuki and Mikio Shimono
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