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Corrosion Survey of Aluminum Brass
Heat Exchanger Tubes in Acid Dosed

Desalination Plant”

by * Shiro Sato**, Koji Nagata**, Teruo Kanamori***
Yasushi Shiota****, Nobuhisa Hiraishi**** and
Chan Ying Kwong **%*x

An investigation on alumimum brass heat exchanger tubes used at Lok On Pai Desalter in
Hong Kong, which has been operated for more than 10,000 hours since 1975 under acid dosed brine
condition, has been made by eddy current tester and metallurgical method.

Aluminum brass tube has successfully proved to be a satisfactory material for high temperature
acid dosing MSF plant, when control of brine chemlstry and corrosion - protectlon system are

" properly operated and maintained:

The outside surface of the tubes installed at the gas removalisection of high temperature stages
suffered from corrosion by condensate saturated with oxygen and carbon dioxide gases. -

It is recommendable to use the tubes of higher corrosion resistant materials in non- codensable
-gases removal section at high temperature stages when the dissolved oxygen cannot be mamtalned

at or below 10 ppb during normal operation.

1. Introduction

In the past tweinty years, MSF plants of steadily
increasing capacities have widely been put into oper-
ation. For a. MSF plant, one of the most important

" items is the selection and the maintenance of heat

exchanger [tubes, Isince- the cost of heat exchanger .

tubes laffects ﬁremafkably the -total costs of a MSF
plant. Therefore, it is an essential requirement, part-
icularly for large capacity MSF plant, to select the
heat ‘exchanger tubes with high re11ab111ty against
corrosion as well as economy.

Some investigations™ on corrosion characteristics
by high temperature brine have reported that conv-
entional -copper. alloys such as aluminum brass and
cupronickel are useful as heat exchanger tubes of a
MSF plant if strict control ‘of brine pH, dissolved
oxygen and’ some-proper system are made. The sta-
tistical data® on material selection of heat exchanger
tubes for world’s MSF plants in the year of 1971 and
1975 show that there is a tendency forward selecting
high grade materials such as cupronickel and titanium
tubes more preferablly than aluminum brass tubes.
The tubes supplying list of Sumitomo Light Metal for

*This paser was presented to the proceeding of the 7th
International Symposium on Fresh Water From the Séa.
23 to 26 September 1980, Amsterdam, 1 (1980), 453.
**Technicdl Reserch Laboratoris, Dr. of ‘Eng.
***kSumikei Copper Ind.; Ltd.
*kkSasakura Engineering Co., Ltd. (Osaka)
*elkWater Supplies Department, Hong Kong Government
(Hong Kong).

MSF plants from the year of 1973 to 1980 also shows
clearly that cupronickel tubes are increasingly used.
as compared with alummum brass tubes, as shown in
Table 1.

While, Hardmg et al®. have recently reported that
aluminum brass tubes are perfectly - satisfactory for
acid dosed sea  water distiller based upon the five
years” corrosion tests in the Jersey -plant. Our survey®
on the comparison of corrosion rate of aluminum brass
with 90/10 cupronickel shows that no significant diff-
erence exists between the corrosion resistance of both
alloys under the normal brine condltlons where diss-
olved oxygen concetration is less ‘than 10° ppb.

From the.above it seems economical and reasonable
to select aluminum brass. However, the performance
of aluminum brass tubes in desalination plants oper-
ated in service has not been well documented. ;

Lok On Pai Desalter of Hong Kong Government is the
world biggest MSF plant in operation; The performa-
nce of heat exchanger tubes of this plant has attracted
major interests of both plant engineers and material
researchers for the following two reasons. Firstly only
aluminum brass tubes with 0.91 mm thickness are used
in the evaporaters and in the brine heaters. Secondly
the top brine temperature is 121°C with scale control
achieved by acid treatment. Plant details and operating
data are shown in Table 2. The plant has six units of

30,300 m* per day capacity. The first Unit was comm-
‘issioned in the spring of 1975 and had.been operated

for a total 11,643 hours. Other units had also operated
for nearly the same length of time. In February 1979,
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.. Table 2 . Plant-details 'and operatmg service data-of Lok-On Pai Desalter

¢ - Plant design’

A Pririciple and type

" Distillate output -
‘Scale prevention

Top: brine temperture * :

. Brine concentration

MSF cross tube type

30, '300 mm? per day each Unit, 6 Units

acid’ dosmg

C1211°C
1,74 to 2:00°

Venting - parallel ‘venting for stage 1 and 2, cascade venting cn each tier
Evaporator. PRI T :
No. of Stage 28 (No. of heat recovery : 25)
‘No. of tier 2 (No. of Stage. in top tier : 13)
" Ttém Brine heater Recovery Rejection "
No.. of Stages 1 25 I A S
“ "No. of passesvper Stag'e""‘“" 2 S 1
Qutside dia. of tube. 3175 mm’ 31.75 mm 24.5 mm
* Thicknes of tube 10.9144 mm £0.9144 mm 0.9144 mm
. Tube iength ' 11,2.00‘ mm. 13,240 mm 13,240 mm
No. of tube | 4,004 51,650 5,874
,vTube‘material Al-brass Al-brass o Al-brass’

Tube plate- material

- Naval brass

. Naval brass

Naval ‘brdss -

Protectlon system agamst corrosion and ‘fouling

Chlormatlon .
Ferrous sulphate dosmg
Cathodlc protectlon

Operating: record

Low DO control less than 10 ppb by sodlum sulphlte o
Rec1rcu1at1ng Brine pH at 7.9+0.05
Sponge ball cleanmg

T otal operatmg tlme

Total water productlon

; Unit No. Date of‘ start up (hour) (><106 m¥)
1. 14 March - -’75 11,643 S 140
2 7 July 75 8,18 o102
3 12 Sep.. . ;,v’75; 8,407 . : 10.3
4 2 Dec. 75 10,732 RS K I
5 25 Feb. 76 10,809 _ 13.3
6 26 March 76

12,716 . (1 §

we were given a chance of eddy current investigation
of aluminum brass tubes and in May 1979 we sampled
the tubes for detailed'investigation. This report desc-
ribes the results of both the eddy current inspection
and the metallurgical: investigation of the  selected
tubes in order to show the performance of aluminum
brass in an acid dosed MSF plant.

2. Eddy Current Inspection on Site

2.1 Instrument and its Sensitivity

Eddy current tester used in-the present work 'is
Type NDT 15 of Nortec Corporation, USA, which has
two channels in quadrature. Reference tubes of 31.75

mm and 254 mm outer diameter were made according ..

to. ASME B01ler and Pressure Vessel Code, Section-Xl.
Test frequency of 10 KHz was selected as the optimum
frequency in order to* ‘distinguish between outside
corrosion and . inside corrosion. Phase selector was
ad;usted so that the wobble locus of the probe in tube
bore-appeéared as horizontal deflection on the oscillo-
scope. As the main reference flaw, four holes of 1.7
mm ‘diameter were drilled in the cross section of the
tube and their horizontal and vertical deflections were
amphfled to 30 mm peak on the recorder chart as
shown in Flg 1. This sensitivity level was three times
higher"than the conventional level applied for corro-
sion_ inspection of heat exchanger tubes.

Tubing wall irregularities are monitored as in figure
-8 pattern. In general, it'is composed of a vertical and
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( 4 drilled holes, 1.7mm®)

Tubes for calibration

outside
corrosion

4 b )]

inside
corrosion

T
.
30 | mm
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‘ﬁ
-

Fig. 1 Calibration of eddy current inspection.

a horizontal deflectlon component with the aspect
angle 6;

QOutside corroson : Veirtical deflect10n>Horlzonta1
deflection
Horizontal deflection>>Vertical

deflection

Inside corrosion

2.2 Results
Inspection was made on 601 tubes which were sele-
cted from 2 Units, Unit A and Unit B, that have had

over 10,000 hours’ operation: Brine Heater (only Unit

B), Heat Recovery Section (Stage 1,2, 3, 5, 9, 13, and
21 of both Units), and Heat Rejection Section (Stage
27 of Unit B and 28 of both Units). Typical locations
of tubes inspected are shown in Fig. 2. Typical reco-
rder charts are shown in Fig. 3. Analysis concerning
the height and direction of -deflection for each stage
of both Units are summarized in Fig. 4. Results obt-
ained are as follows.

(1) Some tubes- had experienced corrosion on- the
external and/or internal surfaces.

: o% mo R
oo .:,o:,mm
,o,m»m ’ ‘,

:o(’go:’ mmm ‘o““ 00 0" X
; £¢,¢ ommmmo w m o‘w

: m’ 0‘0’0”0‘0’0 ”o’o’o‘o‘

0‘0
ooooo
I 0

A‘ )NN

w S . View. - from . brlne ouﬂer , : |

TOTAL NO OF TUBE 2066

Gas  Cooting
| Section

Gas  Cooling

’:‘u’:’o’o’ué ’o’o‘ B

(2)- ‘External-corrosion was detected on some tubes
installed in the non-condensable gases cooling section
in the 1st stage of Unit A evaporator. Longitudinal
dlstrlbutlon of the corrosmn showed three peaks; peak
between 1st and 2nd span, peak around 4th span and
peak aro,und~6th span from the brine inlet side as
shown in Fig. 3. Corrosion of lst and 2nd span was
much more extensive than those of other spans. It is
understandable that the heat-exchanger tubes installed
in non:condensable gases cooling section are suscept-
ible ‘to the attack by the condensate containing carbon
dioxide evolved from the flashing brine and it is more
significant at the initial few stages. Therefore, these
results imply that the outside corrosion was probably
due to carbon-dioxide in the non-condensable gases.

(3) Inner surface corrosion was significant on the
tubes -installed in the 13th stage of both Units A and
'B, and 28th stage of Unit A. In the 13th stage, almost

~all the tubes experienced attacks at the inlet and outlet

ends by circulating brine as it flowed from the bottom
tier to the top one. The middle section is nearly free
from corrosion. The full length of the tubes on the
28th stage were slightly corroded, probably by the
erosive action of silt entrained in raw sea water.

(4) The inner surface of the tubes in the lst pass
of brine heater had been attacked by a different
mechanism from the corrosion detected inside 13th
stage. The tubes showed apparently discontinuous de-
flections of rather significant magnitude. These tubes
had suffered from mechanical damage or chemical
corrosion at the descaling eperation by:soda/acid tre-
atment and hydroblasting®.

(5) - In eddy .current inspection of tubes, the data
obtained ;could not be directly related to corrosion
depth nor corrosion morphology. Therefore, it is desi-
rable to remove selected tubes which showed abnormal
deflections for further investigation, in particular,
from desalination plants where such experience is very
limited. -

UNIT_NO_ A
STAGE NO.9

h VK 1PN
A

RN
5% ‘:’0’ 0‘0““
R0 %
.’ ’ ”:’" ’0’3’0‘0

RN 0"‘0’3’0’0"
gz:: .o,o,o,oo.o,o’:,n X
0,00 ‘&
o,n
- o
,0.0.0.%',0.:.,::«» ,“ ’“"gto.:.:,::g&.
m mm . o’o g
NN o’« )m ARG 0”’0’0’0‘0‘0”

TOTAL NO. OF TUBE 2066

- Fig. 2  Typical poé‘itic)ns- inspected by ECT “(closed 'points).

4_7
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Fig. 3 Typical charts of ETC.

STAGE No. 1 2 03 5 9 13 21 27 28 BH.
25{4 3 i ;
@ B N ¢
Gases Z50][]¢100) 19 (35 30 2 30 (34] 6 | (30
cooling 515
section 210 Tt
< aiin i I8 It i1 Y T
62 |64 o P |
E ;25 &
S F
Condensing  [=20
. 515 Bl i
section S10
5 .
| . i i | ] 11 [
25 N
Gases 85 (= 30 30 300) 30 (30D 30 53))
coofing 515 | ‘ "
. 510 ’
section 2
m i |
: 5 1‘“11 [' o rl n IL =1 ,I fal B
— 41
5 520
Condensing . |=220 s
. G 15
section S10
5
ol (B0 110k al i I o LA
T Oom I o0m [ @mm I IMm I Im-T om 1T oM 1 IIm I Iom I 1M
Symbol deflection. side magnitude of .deflection (mm)
Insid :
L1 sde 1:0~2, $3~9, I:10~40
- Outside-

Fig. 4 Classification and distinction of ECT signal.
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3. Metallurgical Investigations of Aluminum
Brass Heat Exchanger Tubes

3.1 Sample Tubes and Examination Procedures

Table 3 shows the details of the extracted tubes.
22 tubes which showed high deflection on horizontal
and/or vertical direction were completely extracted.

Following items were examined on ‘each sample
tube : : (

« Observation of both outer and inner surfaces as
received and after removal of deposit

» Observation of cross section of the corroded portions

« Measurement of deposit on both ‘outer and inner
surfaces

Table 3 Details of sample tubes for

« Chemical analysis and electron probe micro analysis
(EPMA) on deposits on both outer and inner surf-
aces :

« Measurement of corrosion depth over total tube
length using a dial gauge micrometer

» Measurement of fouling factor under the condition
of heat exchanger between steam at 100°C and flo-
wing water of 2m/s at ambient temperature

- Fouling factor (r=m?h°C/Kcal) was calculated by
following equation o :

r=1/K’—1/Ko v
where, K’ is heat transfer rate of sample tube with
" ‘deposit. ‘

Ko is heat transfer rate of a new tube.

metallurgical investigations.

) Stage N Number Max. deflection on Corrosion estimated
Unit Section of i -
number tubes ECT chart on tube surface
. . H: 4~ 5mm ;
1 Gases cooling section 5 V : 15~21 mm Outside
Condensing section 1 i 8 mm Inside
0 V:3mm
: ~H: 3mm CooL
Gases cooling "section 1 H: Smm Outside
Condensing section 1 i I; (E;mm Inside
13
A Gases cooling section 1 — e
217 | Condensing section 1 ’ 3 §mm N Inside -
28 Condensing section * | . 1 :3 gmm Inside
H: 9mm .
Ist pass : iR N Inside
‘Brine Cobe B ! ) - V: 0mm
JHeater o e oLt B CH - Amm o
Zst pass : 1 vio Inmde
éases c'b"olin éeétidn ‘ 1 CHiO Outéide
1'1 onmne A V: 6mm
ST o H: 8mm .
B " . : - BN B e . I .
ibid : 1 V: 3mm Inside
Con&enéin‘ section 1 H: 0 Out;ide
9 v £ : ' V :10 mm ‘
o ibid =L 3 g;’,nm,,,  Inside
By Condensing section 1 g g’mm Inside
i Gases cooling section | = 1 — —
H: 3mm .
B R I R A - Ver-7 mm Outside
21 - | . Condensing section ' — — —
1 H: 9mm Tnside
Vi
28 YC‘t.)ndénsihg sectiéﬁ ' ‘ 1 —_— —_—
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3.2 Results ST S :
3.2.1 Outside surface of the. tubes

The outer surface of the tubes except some portﬂons .

of those removed from the gases “cooling:section- were
generally covered with a thin sticky film of d'ep051ts,
brown black and/or light brown in color. The surface
under these deposits did not appear to have suffered
from any corrosion,

Some portions of tubes sampled from the gases
cooling section were unevenly covered- with thick
corrosion products of greyish or whitish green color
where slight localized attacks occurred on the surface
underneath.

The sections in contact with the buffle plate were
unevenly covered with red brown dep051ts of iron
oxide.

After removal of deposit by pickeling, two . types of
corrosion were found, as shown in Fig. 5. They were
deep-isolated or shallow-crowded pitting corrosion and
general corrosion with roughening of the surface.
Typical cross sections of these corroded portions are
shown in Fig. 6. Pitting corrosion was found only on
5 tubes removed from gases cooling section of stage
1 of Unit A. The pits were predominantly located on
the outer surface of around 2,000 mm from brine inlet
end. _

Slight general corrosion was found at the brine inlet
section of Stage 9 heat exchangers of both Units, as
well as on the middle of the gubes from gases cooling

Type A (Pitting corrosion)

. Type B (General corrosion)

“Fig.’5 Appeararice of corroded portions ‘on outer
surface ( X1.5).
Type A : Unit A, Stage 11, Gases cooling section
Type B: Unit B, Stage 9, Gases cooling section

‘section, Stage 1 of: Unit A:

" The tubes rémoved from the:brine heater of Unit
_B; Stage 1 of UnitB; Stages 13; 21; 28 of both Units
-did not suffer from any: -signifi’cfant corrosion.

‘Table 4. records the maximum corrosion depth on
the outer ‘surface of tubes examined.

‘Fig. 7. shows the longitudinal distribution of the
depth of corrosion on the outer surface. Tubes remo-
ved from the gases coohng section of Stage 1, Unit A
had localised corrosion’ of 0.1 to 04 mm: They occurred
mainly at three loeations at around 2,000mm, 6,500 mm

VSEm‘qll‘i‘a nd “shallow  pits =

Largs and deep pits isolated

Fig. 6 - Cross sections of pitting corrosion on'
outer surface. ) :
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Table 4 Maximum corrosion depth on outer surface of each tube examined (mm).

Unit A Unit B
State No. : : -
Condensing section | Gases Cooling section | Condensing section | Gases.cooling section
1 S - 0.8, 0.2, 0.20 — 0.02, 0.02
9 | - 0.02 0.12 0.11. 0.05
137 0.02 0.02 <0.02 0.02
21 <0.02 ‘ — <0.02, 0.02 ' —
28 : 0.02 — <0.02 ) SR "
B. H. - — i <0.02, 0.02 —_
04 — 035 T , ,
|11 Uit A stage 1. I °® it A stage 1 G.C.S
03 \ P Gases Cooling Section Unit A, stage 1, .%o
02 —— - QO Unit A, stagel, GCS. : Y
01 / \ S Lo S 030 :
0 o—d'J L-ko- ‘ f\ : : A UniAt B, stage 1, GCS.
03 e Urit A, stage 1. L A Unit B, stage9, C.S.
. , Gases Cooling Section - 025
~ 0.1 : -
B ] NN .
P : ’ - E 020 ®
= X : € -
T 03 Urit A, stage 9. ] =
T Gases Cooling Section 8
202 - 3
¢ I
8 01Ty £ 015
0 . ; - s
i . Unit B, stage 9. . || g
03 ' Condensing Section o e
02 —4 $-0.10 —QO—1— @
' e o 7T
01" it ® |
2 b [ [ _J
0 T -1 A :
0 1 2.3 4 5 6 7 8 9 1011 12 13 0.05 )
" Brire Inlet “Length-(m) o0
Fig. 7 Longitudinal: distribution of corrosion
depth on outer surface. 0
5 10 15 20 25

and 10,500 mm from brine inlet side. Their distribution
agreed with the locations of vertical deflectlon in the
ECT as shown in Fxg 3.

Some shallow ‘corrosion pits were found at the end
of 'the ‘tubes removed from the Stage 9 heat exchan—
gers of ‘both Units." :

Fig. 8. shows the relatlonshlp between the. rnagmt-
ude of ‘the wvertical ‘deflection in ECT and the corro-
sion depth at. the corresponding - position. It can be
said that the ECT gives useful information ‘on the
corrosion of tubes.

3.2:2 Conditions of the inside surface

Brine heater tubes were covered with thick hard
scale with white green color. X ray analysis showed
that the hard scale was composed of CaSO. and CaCOQs..
All the tubes removed from ' the -evaporator were
generally covered with a thin film of white/brown
deposit excepting the tubes on Stage 1 of Unit A which
were covered with grey deposit. EPMA data show that
whitish deposit consisted mainly of Mg and the bro-
wnish film of Fe. Other elements Cu, Zn, and Si were

Content of element (93)

Peri-deflection: to- vertical direction on ECT chart{mmy) -

Fig. 8 Relation between ECT -deflection and
corrosion depth.

also detected. Chemical analysis data showed that the
deposits on evaporator tubes contained a high proprti-

on of Fe and ‘Mg, as shown in Fig. 9. Mg content was
limited ‘to the high temperature stages aboveé Stage

>0 1 ' T -
Unit A ‘ UnitB - oV
“ i
o / ]
20 : '5/ ' B S
B . : ~e
10 / - ' -\ ' ) /
0 BERSDE=
21 13 9 1- 28 21 13 9 d 1
Stage No. Stage No.

Fig. 9 . Changes of composition of inner surface
deposit with stage number.
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(x1.2)

(><1.‘2)

"Fig. 10  Corrosion of inner surface of brine heater tube.

9. The Fe content was present in *>15% at all stages.

After pickeling to remove the deposits, spot-like pits
of maximum depth of 0.07 mm were found on the
brine heater tubes located at 3,000 mm from the brine
inlet side, as shown in Fig.10. Tubes from the other
sections experienced very little corrosion in the form
of roughening of the internal surface to a depth less
than 0.03mm. The actual measurement did not agree
entirely with the ECT deflection due possibly to the
excessive sensitivity of the instrument.

3.2.3 Fouling and heat transfer

The corrosion: products amounted to 2 to 4 mg/cm?

on the outside of the tubes at Stage 1, Unit A. Other -
tubes showed generally a little deposit of less than 1-

mg/cm?®. The hard scale in the brine heater tubes was
4 to 6 mg/cm® ;

Fouling factor measured in the laboratory was less
than 2.5%x10°m?h C/Kcal., This equivalents to about
7% less than the heat -transfer rate of a new tube.
It is considered that evaporator tubes were maintai-
ned ‘at” very good condition from the.view point of
heat transfer.

4. 'Laborbatdry Corrosion Test by High -
Temperature Pure Water Contammg
COz and 02

4.1 Experlmental

The alloys tested were aluminum ‘brass (Alloy 687),
90/10 cupronickel (Alloy 706), ‘Modified 90/10 cupro-
nickel (M706, high Fe alloy), 70/30 cupronickel (Alloy
715), Modified 70/30 cupronickel (M715, high Fe alloy)
and titanium, of which tubes are commonly used in
sea water heat exchangers. 90/10: cupronickel (Alloy
706, M706) was made by following two kinds of heat

treatment: by water quenching at 900°C(Q); and ann-
ealing at 600°C for one hour after quenchmg (A).
The specimens, measuring 60><20><1 mm, were polis-
hed with emery paper and cleaned in ethanol. g

The experimental set-up is shown in Fig. 11. Test
samples were placed in a 1,000 ml beaker covered with
a lid. Pure water was added to the beaker and CO,
and/or O: gases were continuously bubbled in to the
pure water from the gas cylinders in accordance with
the test conditions. The beaker was placed in a ther-
mostatic water bath maintained at 90°C.

The following four  test solutions were ‘prepared :
(1) pure water without the addltlon of - CO: and Os,. (2)
addition of CO: only;:(3) addition of 02 only, (4) addi-
tion of both CO: and O.. In the experiment, the CO:
and/or O: gases appeared to be supersaturated in the
test solutions. The pH value, total CO: and dissolved
oxygen were measured. CO: was analyzed as the total

—— Venhlatlon

o Thermosta}tic :
Controller

& @

CO, Gas bomb

_ Water baih -

Tl T 7777,

Fig. 11 Test equipment.
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carbonic acid by titration. The COx ceoncentration was -
found to range from 200 to 500 p.p.m., in the CO- dosed

water. In the solution where no O:. was added the
residual O: was less than 1 p.p.m. The change in pH
is shown in Fig. 12.

_— . \ s
: \\K None (Pure Water)
.
6.5 ‘
\_/ O; Addition
) C0,+ 0, Addition
T 60 -
BN CO; Addition
55
5.0 o ; 5 10 15
Time (Day)

Fig. 12 pH changes of test solution with time.

4.2 Results

The alloy samples after immersing in the test sol-
utions could be classified into- two- groups by ‘their
difference in appearance. In solutrons (1) ‘and (2), the
surface of the test samples was not affected In solu-
tions (3) and (4), the copper ‘alloys were covered with
thin corrosion products in varying colours and ‘quan-
tltres dependmg on thé test solution and alloy The
corrosron rates resulting from 1mmersmg in solution
@) was "two to three t1mes that in the solutlon (3) and
was about ten tlmes that 1n solutlon 1) or (2), as
shown in Fxg 13. ' '

Solution © *No. 1. -Mark €0, 0;.
1 — X X
2 O %
3 X @)
4 L ] O O
107¢ -
9
?
g .
gl h
S04
P
1=
23
=]
£
> 2
:»g—"
§ 10! W
= 9
5 8
2 7
E 6
5
4
3
R
1072

- Aluminum brass tested in solution: (4) was covered
w1th black and grey- deposit with dezincification pits,
as shown -in Flg 14 Slmllar pits- were ‘also found

Q

M715 - 706
Copper alloy number .

Q' 900°C—>Water Quenched * M715 : 70/30 cupronickel with high Fe and Mn
© A 600°C x1h Annealed M706 90710 "cupronickel with hlgh Fe

687 . 715

M706

Flg 13 Amount of dep031t of tested alloys
in varl,ous ‘test solution.

L Flg 14 -T'Corro'ded surface "and'its cross section ‘tested in.selution (4)
- containing both Q2 and CO: at. 90°C for 15 days:

10 —
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-upon, immersion in the. solution (3) but its occurrence
was less . extensive of in solution. (4).

Cupronickel samples with the exception of 706 (A)
tested in the solution (3) and (4) experienced pitting
corrosion with denickelfication regardless of Ni cont-
ent, Fe content and heat treatment. Moreover, pitting
corrosion:was more significant in. solution (4). than
that in solution (3).

The occurrence of pitting at these alloys was more
extensive than that for aluminum brass.

Samples tested in solutions (1) and (2) were free
from the localized attack.

Titanium was immune all test conditions.

Fig. 15 shows the corrosion rate of copper alloy
samples. Corrosion rate depends upon the presence
of dissolved O: and CO.. Solution (2), with super-
saturated CO: alone, bad the minimum  corrosivity
although the pH value was the lowest. On the other
hand the corrosion rate in solution (4), in the presence
of supers aturated O: and CO:, was the highest and
was about ten times that in the solution (2), though
the pH value was not so low. Comparing the corrosion
rate in the solution (3) with that in the solution (4),
it is .clear that the presence of O: as .well as CO:
accelerates the corrosion rate by a factor of 2 to 3.

Corrosivity of the water containing 0. and CO: was
successfully demonstrated to reproduce the pitting
corrosion similar to that observed on the outer surface
of aluminum brass tubes removed from non-condens-
able gases cooling section at high temperature stage.

No. M.]1COx [ O pH mean
Ol o IO =1 BT I 66
% 2 o] > 58
7 1 3 JeEm) x @) 6.4
g 4 mm[ O[O 62
4
\3 |

(mm/y)
N

. | |
- - |
2 1072 —F
g g 1 T
5 8 2 - 4
© 7 2 .
6 3 B
5 8 3 :
4 T : 2. e
. L E
10 e -
QA
687 715 M715 706 M706

Copper alloy number
M715 ; 70/30 cupronickel with high Fe and Mn
M706 : 90/10 cupronickel with high Fe

Q : 900°C-—~>Water Quenched
A : 600°C x 1h Amnealed

Fig. 15 Corrosion rate of tested alloys in
various test solutions.

Among. the copper alloys.tested the conventional 90/
10 cupronickel was rather free from pitting: corrosion
even in the ‘water containing, Q= and:CO-:.. However
the high iron bearing 90/10-and quenched 90/10 were
pitted. Other copper alloys were -also attacked by p1t-
ting corrosien..

5. Discussion

Results: of the investigation show that aluminum
brass heat exchanger tubes used-at Unit A of the acid
dosed MSF plant had suffered from pitting ‘corrosion
on the outer surface which were in contact Wlth the
non-condensable gases. :

Laboratory corrosion tests show that pitting corro-
sion' was due to the attack by the condensate contai-
ning CO: and ©: and did not occur otherwise, in:the
water containing CO: alone. ;

It is noteworthy that the tubes -of unit A were att-
acked from the outer surface while the tubes of unit
B were not. This is mainly due to the difference-in
operation conditions forlong 'period of ‘time, as ‘shown
in the below.” Unit A was operated at recirculating
brine pH:of '7.5; residual ‘dissolved oxygen at100-150
ppb for 5,776 ‘hours i. e. 49.6% :of ~the. total operation
time before modification was made. Unit B had been
operated under the optimised control at pH 7.9 and
dissolved oxygen <10 ppb with sodium sulphite dosing.

In addition Unit A has also experienced much more
start-ups and shut-downs. Air ingress during trips and
loss of vacuum could also contribute to the presence
of O: in the non-condensables to accelerate corrosion
in the next start-up.

6. Conclusion

An investigation has been made on the corrosion
behavior and the fouling of aluminum brass heat exc-
hanger tubes which had more than 10,000 hours oper-
ation in the acid dosed MSF plants of Lok On Pai
Desalter, Hong Kong.

Tubes for investigation were selected by a two
channel eddy current tester, and were removed from
brine heaters and evaporators of two Units (A and B)
which have been operated on the same site.

Following results were obtained.

1. The inner surface of brine heater tubes were
only slightly corroded in the form of scattered spots
at the inlet pass of the brine heater. The inner surface
of - evaporator tubes in both plants were free from
corrosion over the entire tube length. It is considered
that such a good performance was largely due to the
strict control of brine chemistry and the effective
use of protection system, such as ferrous sulphate,
sodium sulphite, cathodic protection and reasonably’
high recirculating brine pH.

2. The outer surface of the tubes which were loc-
ated at the non-condensable gases extraction section
of Unit A were slightly corroded in the form of pits
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or spots. Maximum corrosion depth was 038 mm at
first flashing stage. : 2

However,; tubes other than those were free from
any corrosion: On the other hand outer surface of the
corresponding ‘tubes from: plant B were free ‘from
corrosion even at non-condensable gas removal section
of the first flashing stage.

Pitting corrosion on the outer surface was conside-
red to be due to the attack by the condensate conta-
ining both CO: and O: evolved from the flashing brine.

3. It is found that corrosion depth agreed fairly
well with the deflection on ECT. It is' deduced that
periodic. ECT, .particularly for special section, would
be very useful to check any leakages into the heat
exchanger: to. improve performance.

4. In conclusion,: aluminum brass tube is a satlsfa-
ctory material for general application for MSF heat
exchanger tubes operated -at high temperature, when
the control of brine chemistry, corrosion protection
system and maintenace system are. properly 'incorpor-
ated.

AIn - addition, however to increase the reliability of
the plant, more resistant material against corrosion by
high temperature water containing oxygen and carbon

dioxide are recommended for the non-condensable gas

removal section at high temperature flashing stages
where stringent brine quahty may not be contmuously
maintained. . ‘
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Effect of Welding Positions on Porosity
in Aluminium Alloy Weld

by Yoshihiko Sugiyama

It is generally recommended to carry out welding of aluminium alloy constructions in a flat
position; a sound weld with less porosity can be obtained. Furthermore, this position causes not
only less fatigue of workers than any other welding positions, but it does not require skilled workers.
However, there is little report published with respect to the relationship between the porosity and
various welding positions, whereas some afesreferring to the porosity in a given welding position.

This report covers the experiment for the evaluation of effects of welding positions on the
porosity in aluminium alloy welds in which bead-on-plate, one side butt and each side one pass butt
welds in 8 mm thick plates together with fillet welds in 12 mm thick plates, all in A5083P-0 alloy,
were tested. Prior to welding, the base metals were cleaned with a conventional caustic soda method.
Test panels were welded by the semi-automatic MIG process using a 1.6 mm dia: A5183 electrode
wire. A radiographic test was conducted to detect the porosity in the bead-on-plate and butt welds,

whereas the porosity in the fillet welds-was detected by observing the fractured surface:

Results of ‘this experiment can be sammarized as follows:

1) In the bead-on-plate and butt welds, more porosity was observed in the 1ncreasmg order
of flat, horizontal, vertical and overhead welding positions. :

2) As to the vertical welding position, less porosity was observed when weldmg was done in
the vertical-up method than in the vertical-down method.

3) In the one side welds including 3 passes, noticeably more porosity was observed when
welded in the horizontal and overhead positions than in the flat and vertical-up positions.

4) In the each side one pass welds, number of porosity varied dependmg upon, the selectlon

of welding position for each pass.

5) In the fillet welds, less. porosity was observed when welded in the horlzontal posmon than

in the overhead position.

6). Such tendency . of por051ty formatlon is self-explanatory when the rlslng and escapmg
behaviour of the dissolved gas in the molten metal is taken into consideration.:.

1. & L & (-

B ks, 7oz = ‘7 AAﬁ%m%@ﬁj%ﬁI T
mfu,TgpéﬁbTm§%f®%ﬁﬁ%®6nTm%o
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BEROLANDLE L, T UTHESEERVE NPT
WHHETHB, _ _

TR C:tomff*%ﬁﬁ RPN &R f*i%ec
%bfﬁﬂﬁ%$ﬁﬁ%bti&bf*%#ﬁ@tﬁjf

HEE R, 18 (1980), 245.
TR TR
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RO, KAORECIBELORTHBHET S
DT, TxBHIBEEHEUNOMHORT 2 —Fc L
EERHEE LV, Ti, Vo IE ) TREBOESEBENIC
B B REH T ORI O ILORERE 2 EEHEHL T
T3 BB D55, ULrULuas, thE ol
BT, HEOHEERBHICH T ZEEROKILOFRER
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Table 1 Chemical compositions of base metals and electrode wire.

Base metal and : Thlckness jor.

> Chemical composition” (%)

dlameter (mm) 51 )

‘Cu

Zn

electrode wire Fe Mn Mg Cr Al
A5083P-0 vooo. 8 0.11 0.24 0.02 0.67 4.55 0.14 0.01 0.01 Bal.
A5083P-0 12 0.11 0.25 0.02 0.68 4.54 0.14 0.01 0.01 Bal.
A5183-WY 1.6 0.06 0.12 0.01 0.76  5.20 £0.01 0.10. 0.01 Bal.
Tablé 2 Welding conditionsb -
. Number :: Weldmg Arc Welding Argon gas
. . Welding - A .
Joint design? ition® of current voltage speed flow rate
pos pass® (A) V) (cm/min) ({/min)
F 1 260 _ 28 58 25
V{ Up+* 1 220 25 1 B0
Down 1 220 2 50 S
CH 1 " 240 R 52w
0 1 230 0 28 48
B 1 260 . 28, 6. . .
: ‘ .2, 3 0230 28 oL o
. \ 1. . 220 2B 45
v {Up 2,3 200 25 . . 50 L
i 1 %0 - - 28 - - 45 . . .o~
ey 2,3 220 s 26. B8 . P
o 1 230 2 - B0 i
2, 3 2200 o 267 . B0 i 4
D E 260000 28 i 60 - 0
‘o n2 T amo w s0 o
H 1 . 280 : 29 roo:003b o
) 1 20 20 3% 7
1) Size of panel including weld Fillet weld : 12X100%200 mm
Bead-on-plate weld: 8x200x200 mm 12150 %200 mm
One side weld with permanent backing: 2) F: Flat: V: Vertical. H: Horizontal. O: Overhead
8 250 X200 mm(Backing: 6x25Xx250 mm) - 3)' Tor¢h ‘manipulation : stringer.
Each side one pass weld : 8X250x200 mm 4) Refer to Fig. 3.
2R b Do Th, FEBTHYZEEHOLA  BEUTH S FiE 3 EAKLS LOTES L EEE (YHRET

DR 2L LIZ b DBEEAELN L D Th b,

20T, KERTREEESUNOBORT 2 TE B
FZEBAT, Am%A$®§f¥§ﬁ%%@“&m v
%@%ﬁtﬁ%%%a@@%cOmfﬁabno '

'2.;% ® 7

B RESZNZE 18 5 X ¢ 12 mmDA5083P-0 &
&, BIED 4 ¥ICIEER 1.6 mm O A5I83-WY 2 fiv iz,
Ché@k%&ﬁ%T@klkﬁ@ogﬁgagmgﬁg
MmO SORZFNENE —F +Fu « TL~ NEEE, KA

VB RERE, 2OTEI YD UTREM 2B ©, &
72, 12mmo b O AREECHG I, WL T,
I, HRIS & S RO 4 BB TH B, L, TARE
N TI EEEDSET, E—F«do o FTL— EED
AR THRERMAI . BERTT I EEBEEICE -
2o

BHSCIE MR 36 & US4 % Table 2 iT/R 9, 4 O ETAL
FI210% by — F VW (60C) 1TBIK, Kk, 15%RE
VIR CBIR), KPEZ LT HARER DR > 12, FEE
FTNTAMY O H e E— RTHESTE B, ﬁaﬁi%
NEFNORBATIHTO>TH 5,
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-~ 70r
A—l Arc start end (Within 30mm in length) e Max,
. 60F T e — Mean 7
: Main~weld “(Within -130mmi- in- length) Mi
) —Viin.
4‘50_1‘ : % Cr.jater' P g By . - B
2 R
5 90°
= 401~ "_7>/ g__’— ] o -
5 R |
3 =
2 30F 3
_m—:l
101
B o E%

Down
J

v

Flat Y
Lo Vertical

Horizontal

Overhead

Fig. 1 Numbers of porosities in bead-on-plate weld (Threg.ﬁest panels).
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UCHEET 3 &, Z2NFNIA L, T, His &
o EsERoIE, 3.8, 6.5, 8.1BIU1ETH 5B,
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oY ADEE - mBOBEL 3 L, 32, BBRAR
T AVATEBBECSO TR, v~V RSB S BT
LyEZBNE S, Fig.3 wrhid, FES IO TED
FhCENTH, [ARXBEER LT iﬁﬂﬂ%%%tﬁ?ﬁbf
WB,
ﬁﬁ%%%mxmfu,%mﬁﬁmmﬁﬁbﬁﬁxu
v — K EAIO MR EEIC s 5 T, T RAEEmics

—_ 15 —



(1)

October - 1981

(A) Flat position

(C) Overhead position

Photomacrographs showing cross sections
of ‘bead-on-plate welds in various welding
positions.

Fig. 2

BZREEHIKBE-BETELOOT, [ALBE L, BE,
BRABEEBOSILIE— e ©~ FOKE RS { ST
LT3, Fig. 26X F3 s Td, COBEABED S
N, 4R, BHDOBNT—2 « 24~ ETHGDPTH

FABESTCEN T, EE R sdy e T — NEER
OBE, BRESEP B ULy 2 2B LE « BT 3 BB
BIREAEZVDT, MO LT 2256513510, Fig.
Swing, FARXBEERLETRAERFKEZLHTLT

(B) Vertical position (Up)

(C) Vertical position (Down)

(D) Horizontal position

(E) Overhead position

Fig. 3 X-ray photographs of bead-on-plate welds
in various welding positions. .
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) OwzolifeRT, £ Fig. 6 BB EHITK I E
HHOXBBRTETH 5,
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B) oSS AHTA B L, TaBERoZzhEN 3.7,
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100 I

Arcstartend T Max
ak (Withirs 30mm in length) - Tl = Mean
Main"-weld : : W] o —=Min.
(Within 130mm in Iength)‘

801
! Crater

60

Nurnber of porosity
&
T

40+ ]
301 N B
20 _
10
Flat. /o o i¥erticalhup” . Horizontal . Overhead

Fig. 4 Numbers of porosities in one side weld with
permanent backing (Three test panels).
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(A) Horizontal position

(B) Overhead position

Fig. 5 Photomacrographs showing cross sections: -

~of one side welds in horlzontal and overhead
posmons

(A) Flat position

(B) Vertical position- (Up)

(C) Horizontal position

(D) Overhead” p‘osi‘ﬂo'n

Fig. 6 X ray photographs of one side welds in
various welding pOSlthl’lS.~
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100 T Ist pass (Flat weld)
|_|Arc start éhd 8 ‘ ‘ " -
ool (Within'-30nim in-length)
Mainweld’ .
(Withify. 130mm- in_ length) _
ol 5y -
70+
> 60
8
a8
© 501
B 2nd pass (Overhead weld)
€
Z
aor Fig. 8 Photomacrograph showing cross section
! of each side one pass weld.
30r
20
(A) st pass: Flat position
10k 2nd pass : Flat position
0 € .
() F =@ F W) o — {2F 1) F—>@0
(B) 1st pass: Overhead position
Fig. 7 .Numbers of porosities -in each side one pass . 2nd pass : Flat position
" weld (Three test panels).
B (C) 1st pass: Flat position
Fig. 8 & » i, A2 BaRsic X 5 EEslmm 2nd pass: Overhead position -
(ERERO <7 vl 2RT. BN LAEHITL S ; ,
— Kz, SFxAbNn3, $72Fig. 9 il 4x OB OO Fig. 9 X-ray photogrphs of each side one pass welds.
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Effect of Thermo-mechanical T reatment on
the Ductility and the Fracture Behaviour of
High Purity AI-Mg-Si Base Alloys

by Teruo Uno and Yoshio Baba

High purity Al-Mg-Si base alloys often exhibit low tensile ductility and typical grain boundary
fracture occures when aged to maximum strength levels. The influence of cold work and aging on
the ductility and the fracture behaviour of high purity Al-Mg-Si base alloys has been investigated
to prevent the grain boundary fracture and to improve the low ductility of the alloys. Marked
improvement in the ductility of coarse grained alloys can be attained by proper cold work and
aging, and the fracture mode changes from brittle grain boundary fracture to ductile transgranular

fracture. :

These phenomena are observed only in the coarse grained alloys and not in the Cr added fine
grained alloy. Preaging treatment after quenching is undesirable because of a decrease of ductility.
Marked improvement in ductility is attributed to the absence of PFZ along grain boundaries, the
suppression of corse grain boundary precipitates ard the precipitation of coarse intermediate prec-

ipitates in the matrix.

1. ®

6061, 6005 D (Mg +S5i) ZFHBOE VHHEE O Al-Mg-
Si REGREE 2 HBE L BhiiiateE T 3 BERAK
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BHRISENTVED™, FhED Al-Mg-Si REE&ELUTHE
YREMNL AL T D 5606158 TR RWEIZEL B0,
Cr 85X Mg 8EBEVE O DEAR LHEBEEOE Y
BEYXd 5,

g7 Cr 282 2 0EK Mg 80 Al-Mg-Si RE£ T
606144 & D BEAMEICEN T 355, FHEDE L O
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B L 72, :

Table 1 Chemical composition of test alloys. (wt.%)

No\me\rf‘e\“t Mg | Si | Cr | Fe | Cu
Alloy 1 | 0.60 | 0.3 | — | 0.009 | 0.007
Alloy 2 | 0.98 | 0.52 | — | 0.006 | 0.006
Alloy 3 | 0.56 | 0.24 | 0.24 | 0.007 | 0.004
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Fig. 1 Microstructures .of test alloys quenched.
from 808K. (a) alloy 1, (b) alloy. 2,.(c)
alloy 3
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Fig. 3 Effect of cold work on tensile properties
of alloy. 1 quenched. from 808K, cold-worked
and aged at 448K.
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Flg 4 ‘Scanning electron mlcrographs of fracture surface in alloy 1. After ‘quenching,
alloy was “(a), (b) aged at 448K for 57.6Ks, (c) cold:worked by 20% and aged
at 448K for 21.6Ks, (d) cold-worked by 50% and aged at 448K for 14.4Ks.
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of alloy 1 quenched from 808K preaged at
423K, cold-worked by 50% and ‘aged at 448K.
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Fig. 10 Transmission electron micrograph
.of alloy 1 quenched from 808K and
aged at 448K for 57.6Ks.

Fig. 11 . Transmission electron micrograph-
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Chrysler Newnort, Dodge St Regis . Mirada, Cordoba, Dodge St Regis, -
7?A)‘-yf\" wport, g g Gran Fury
AMC . Jeep Wagoneer, Jeep Cherokee Jeep Wagoneer, Jeep Cherokee
: GM Chevrolet Monza 2+2 - Chevrolet Monza 22
B
Ford Lincoln Continental,
©  Lincoln Mark V N
Chevrolet Impala, Caprice, Maribu Chevrolet Impala, Caprice, Maribu
Monte Carlo, Oldsmobile 838, Monte Carlo, Oldsmobile 88, 98,
LA GM Cutlass, Cadillac Deville, Fleetw- Cutlass, Cadillac Deville, Fleetw-
g g R ood, Eldorado, Pontiac Grand Am ood, Eldorado, Pontiac Most Models
R SV S o Buick Le Sabre, Electra, Regal Buick Century, Electra, Le Sabre
. & _ Ford Lincoln Continental, Ford LTD. Ford Most Models, Lincoln Most
Granada. Mercury Capri, Monarch Models. Mercury Most Models.
) . Plymouth Horizon, Dodge Omni Plymouth Horizon, Dodge Omni
Chrysler Chrysler Newport, New Yorker Chrysler Newport, New Yorker
- Dodge St Regis Dodge St Regis
£2 REAYLN VR—BENT V=Y L EEO R
S % ®m & (wt%)
B & - v :
; _ Si Fe Cu - Mn Mg Cr Zr Ti Zr Al
7016 | 0.0 | 0.2 |0.45~1.0 0.03 10.08~1.4]  — |4.0~5.0| — — %
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T63 3 2.9 38.7 B — 36.0 — 7.2
T63 i) 478 436 13 — 28.8 — 7.2
. 0 " 20.4 15.4 16 = 1.2 — 7.2
X746 | 163 17 129 38.7 13 — o — 7.2
HE() [T 5X10° %4 2 v -
RO TN T AEERANUN— (T 24 ZAN=) OB EEE
E ) s 173 B & T = HWREEH
- D) W&—%@%—%m%—%ﬁﬁ&%—%%%—%ﬁﬁ—%ﬁ@ﬂ@—?ﬁﬁf%%@@kMﬁ 7016, X7029
# | 2)  FE-—UE-—> AR —> 20— B E BB —>PiE—> 7o &2y ¥ | X702
E 3). HH—> 2>l —> BRI —> B —> T B ——> B R e © 7016
4) FH—>TM—>NE—> 2B —> B ERE—> E N> B E—> B RIR (e 7016; X7029
15 R D TS i s . ‘ ] X7046, X7146 | |
b= 5 UM -—BHRE—IIg—>E85 DB E-—>BYNE—>PE—> 2 o ALy F X7029. X7021

— 929 —



(105)

R E & R & R

October . 1981

CRT N fT v =Y RGO RERN L BYLERN
: P B
Py i
uﬁﬁ gl ?ﬁ"beﬂE k%]\in (5 & L)
| EB | o5~105C 48R
7mei54m~ma:%ﬁ§ S 155~165C 4R
] R.T. 8FHUE
X7021 [T61 | 395~405C | —» 95~105C 2B5R
L ER —155~165C 4 B§f
SO 95~105C 5[
xmm T6/| 490~500C | 7k T L 163C 5
| RS | RT. 88RI— 95C 3
X7146 (163 | 305~405C | g, 3G s
Eg NU—F7I=Y 2REOREE S
U P (R 2 SRR (AL
= - — BB E 6| - ey
makaang ) B U
7016 | T5 B Bl A
T61
X7021 | 103 B A2 B B
T5
X7029 | T6 B A2 c A
T62.
X7129 | T63.. B A2
X7046 | T63 | B B2
X7146 | T63 B Bl

& (1) NaCl kBHOXERBEE 3R EHE
A: BAITxAEELL :
B: BEDC 74T
CHBDOEy 7 4 vy
D: NATRA
(2) 3.5%NaCl KER % i3 AR BB
Al : EREN, ERAMCEEL L
A2 ERZCAHTHER,
Bl : ERZEMCIBEIH B, INETERLE

. BRI '
B2 : EREMCHESDS D, R DL
(9) LTI

(B) A>B>C (%)

VTN b —EREAREBSNSTU RN, IS
AHNEC OO T X706 L X XTI466& 2B E, &
M@%ﬁ%#PQME%#%ﬂmﬁéctm;b%%t%
BT,

4.

WHONY—HAFLIZILEE

ZK160 & & U ZK55

BRIz 7 v 2 A&, DBEBLTRE
HEBEPREZVDITH S, TR INE TRIERER
#H Al-Zn-Mg 3 3 T4 & OB R 5 ZK141, ZK47,
ZK60, ZK61 BOHAGOEMLITKIIL, Thb ORI
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Strain Hardenings of Al-Cu, Al-Zn and Some
Commercial Aluminium Alloys Sheets.

by - Shin Tsuchida

Strain hardening phenomena of ‘Al-Cu, Al-Zn and some commercial alummlum alloys sheets
are investigated by mono-axial tensile tests at room temperature

Strain hardening exponents (n-value) of Al-Zn alloy sheets have a minimum at 5% Zn and the
small change according to Zn concentration, however plastlc modulus (K-value) slightly increases
with a amount of Zn.

Al-Cu alloy sheets have similar n-values in O, T4 and T6 tempers and dlfferent K- values for
each temper that saturate in the range of over 4% Cu.

In the case of 18 kinds: of commercial aluminium alloys T4 temperd materlals have 51m11ar N
n-values to the values of O temperd but T6 temperd. materials have smaller n-values than them.
And H24 temperd materials have medium n-values that are about two times- of those in H temperd.

In the approximate relation that is n-power law, n-value is not constant in a wide strain. range, -
and it is not larger than critical strain which is obtained at the beginning of necking' in' a-tensiled

specimen. On the other. hand, mutural relationships of ‘first order'are sufficiently  estimated: from
. the result of 'measurements between K-values and tensile strengths in all kinds of testing materials. -
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BREIBHIDI, ChbOBBRES b > THEZO 0D
FHEE T LB TR, IO ERNLBEEE LT
THEASESERSNZDIT ThHB, . _
7»<—ﬁAAﬁﬁ®mI@MﬁﬁC%bfiFm&§
REFHED, O3 HBERTHED, WK £ 1T20 T
W 2D OBEHZ SN T B, LERSTL 2EES
B 602 LI BIRRE®D THR0, BEHRIIL 99.99%Al i
0.5~6% O Mg % i Z 12 &R O I TEE L i 2 |45 L
2H,: rx oI5 Al-Cu G4, Al-Zn 8 & ERER R
FEUIZRBO 7 v 3 =9 ARSI OV T % O ITRE LR
HEHABEUIIOTLLRZDBR2HET S,

]

*@ﬁﬁ#%%mukA(sm u 26. %a

R
PEBIES SRS

= Eﬁ 75 f

%§%9%®7»2:¢Amﬁ@«.mco5~m%
DOCutZn ZBMRINL A& E 9.7%FEBO 7 VoY
LHIS I EABEASRS 2RI CHMLULERA7 v =y
LAEEZPER IZmmOSEICEE L, EHRFENE% 5mm
BRELIZO B, §9400°C ORMEENE THE MR 2 E L T
FEH = 5 7“%523?[/7‘:0 E 3 20~24 mm DEIER 2 5

AE 480C><15Hr i’gE{L&L}E CO’)L\'C 400 ~450C T
Al-Cu, Al- ZnAﬁ 1% 5mm i, ;«*{}iﬁAﬁ ;t 3mm}§8§
THEEEL, BAREHT 3 C & n CBMEEC Y > T 1
mm E IR & U BB TS ALE 2 U LS E 1
bto%&ﬁﬁ®m¥ﬁﬁﬁﬁ@T%klc mmﬁ%@
% Table 2 CT@"O ‘ -

aﬁﬁim?ﬂéﬁﬁﬁﬂt? K@bmbt$“%@
20 mm, B X100 mm, ’)2"}%7137:{3[{15 40'mm,;’ }%Eii 20 mm.
®mﬁa@ﬁféé ﬁkﬁiZh/®ﬁEEmEﬁ%%
i & b R 20 mm/min, FR(~25C) K TEAME + b
50 mm DI tﬁﬁ%uﬂﬁb EEJJJ EU\?‘A’%E’/’D
Jb?%ctmiofn%%“Tibéﬂé@?&@kh
Bl K% &> TNTRGREE 7R Uz, iR
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% b ORFICONTIRZ OFREREZNE Y 5 5

Table 1 Chemical compositions of testing materials.

(Wt. %) F#EZI»5 d=1.687 LU TROEEEL L TERR LI

material | Si Fe Cl.l Mn Mg Cr “-’Zn Ti i n{E iiﬁ]i?%'()‘fﬁﬁéii STEMNTHDT, C
99.9%Al |0.040 0.053 0.001 0.002 0.003 0.001 0.001 0.008 RS FNTRO T AFEI Y BliEZRDLC L
Al-0.5Zn ” ” 7" ” ” 7 0.51 ” b Lﬁﬂiénf’n{ﬁ K{@@ﬁ)ﬁﬁ%&bf DT AHE

-1.0Zn\ # 4o v 0.8 HeptLic, £, TV ) n Rl 0-=Ke* BT

-2.0Zn 7” ” 7” 4 ” 7 1.99 ” .

8.0Zn | 7 #  #_ w w._n 283 nff, KIEREIGT] Or LHOF 7 € ZHHET 7> bU

4.0Zn | 4w na s BT8 ” TRDHND D, COEXEBOEXNBED T/HIVD

5.0Zn | 2 oo s A9 <, XOML2EEL, log 0:*=2nloget+log K> & UT

-7.5Zn ” 14 7 A T A0 el ER e R e

-10 Zn ” ” w w4 s 998 CRHRPHRUZOEBRERE RS LES T AEBITB D
T 0.5Ca 10.00 0.038 0.42 0.003 0.003 0.001 0.001 0.006| ~ CERAEFRKICE > Tnf CKMERHL TS, EH7

q.0Ca| #0758 4w or o VERSHICOV T, BREPER 10 mm O FIRED T

~-2.0Cu ” ” 2.89 » 7 ” 7 /7 Yy e, TSR 55 mm, &% 33 mm O STEAE

-3.0Cu 7” 4 3.30 ~» 14 14 4 7

-4.0Cu 7 7 3.60 7~ ” ” 7 ” vFic kB ERB D (LDR), B 4& O BIEABRFIT &

5.0Cu | # x4 AST .o SN NHRETIEROT A (&) BT BHRGE (1)

-7.5Cu V4 7 7.42 ” ” [ Nz - e - . s . }

-10 Cu A 10?()2 ” ” ' “,, o " %E%@Ti&bﬁﬂibto L '

A1050. | 0.09. 0.26..0.01 <0:01 <0.01.€0.01.. 0.01. 0.01 o 3. R R

A1100 | 0.14 0.30 0.05 0.03 <0.01 <0.01 0.09 <0.01 L

A S T o veoa| - HArEES

1 0. . . . . .01 0.08 <0.01 | . -

A2024 |0.20 0.52 4.78 0.59 1.75 0.09 0.09 <0.01 H#t 3 L0 O C’Db\f@seﬂtémﬁ HOTAT R

A3003 10.16 0.54 0.06 1.23<0.01:<0.01 <0.01<0.01} ~ > b &Fxg 1s& 0\ Fig. 2 /R, HMOD%AESMIO ¢

A3004 | 0.31 0.810.26 1.28 1.12<0.01 0.29 0.01 | < n= 05~1 THh EBRELRBE n@ @ﬁm o

AS5005 | 0.37 0.44 0:21° 0:05°°0:82°0.11° 0.27 <0.01 |’

ASOS2 1040047 0.12 0.09 2.63 0.21 0.08<0.01 < B Bo OMTEEMNIVHITn=045T5H2 55 € D

AB5082 :10:19.0.35.70.18-.0.14 - 4.72 . 0.14 0.2 0.11: = Jmi Cﬁébvﬁi%é}’]&t B E i SR E LT AT R
A5083 1:0:35.0.40. 0.11- 0.64:.4.64. 0.15 .0.07:0.16 | - =
A5154. | 0.39 0.46..0.11 0.11 3.71 .0.23 0.21 0.21 ZU50E. CO)&{L%gﬁméﬁébq@%t u
ASNO1(1)] 0.08 0.19 0.10 0.10 0.30 <0.01 0.04 <0.01 451%““03%&73%5# i1 CILEBOTZ(@%%T
ASNOL(®)| 0.09 0.12 0.10 0.02 0.49 0.02 0.02 0.03 HBETH, Ind ~7.5% TCEH=ZBERELT 3 ¥ M0OH
AB061 | 0.58 0.74 0.26 0.16 1.03 0.24 0.28 0.16 s N &
A7072 10.29 0.43 0.10 -0.12.0.10 <0.01 1.19 <0.01 = C‘i*&%@ﬂm%%l{ﬂ ?"’ S B Z%”%.n@
A7075 | 0.20 0.21 2.14 0.15 2.15 0.19 4.76 0.02 KR ZNFNREEHE & L3BHR S o &t Fig. 3
_ A7NOL | 0.13 0.29 0.03 0.34 2.11 0.09 4.36 0.16 351 ¢ Fig. 4 R+, HAMIKs 0T n il & BiHo Zn
‘ ‘ ' BEEPRDTHLI-ERTZD, OMRBNTIR Znd %K
FOR/MERRT, OoFIKBEEBE®RIE Zn BL &
r : - HICH N 545, 2 O EHER Al-Mg A&V TN
Table 2 Final‘treatments of testing materials. : 3 & it 79‘ PIT/h X L\O‘Table 31z %ifﬁﬂfﬁ' Xz n i, Ki{#

temper‘"' material - | treatment o FRIERBRE W CNSRE LR U B BERO T ARE,
T AL AlxZn | as cold rolled, Red=80% OF DRI (G-S) %i&bfT\w“"
H | AFx Cit : . " : “w TR 3.2 Al-Cu &%
i commercial alloys .7 Red=61% 4|38 3 O Cu e & 52k % Fig. 5 1wR ¥, #MEIE
O o .all 0 o) annealed at 400C for.1 hr , 54 Cu 4% LTHEMTIOPHFEHRTHE, MEHTETO
] A1050, A1100 | annealed at 2707C for 1 hr 00 Fig. 6 R T & 5 1 TAM, T6 M Tk Cuikdss
H24 | A3003 7  2MCfor 1 hr W EHOREAT B B S 595, Hiti k FOHM TizCu
| A5NO1 Z 286C for 1 hr T ‘ TR .
T i e I WG Twoh K. 2~ 6 % TN SEABR LN D, %I B AR & 28
A0, A2017 P I KRENFEHIDASVEIRE Y, T6HI TU&JJ:*)
T4 | A2024 | 495C <1 hr WQ, ” FlaRM S, MOt K &Y,
ﬁ‘;‘ﬁél N eotobbuteb 07 B ALIEH 0 aﬁﬁ%éﬁm)%ﬂz%%n%n Fig. 7
"~ Axcu | swCx e WQ, 160C 18 hrs k0" Fig. 8 107K T, #ULEEH CiaCu BIINE £ Hic 0
| ao014. AGOS1 ) ' . EHBWST 585, Al-Mg A€ cti<hid 2 OB R ED
T6 | a7or5 o 480C X1hr WQ, 120C x24 hrs CHO QBRI SV & ERBE LT 5o T4 & T6
ATNOL 460C X1 hr WQ, 150C X 8 hrs B EEA L 0T AR SRR S, O biEeehs
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~Table -3--Strain- hardening-exponents and plastic moduli of-Al-Zn-alloy sheets. -

- Temper H o
i P o vt [ [t T | TE e [t oo [ 8
v99.9/ézx1Aﬁ; 10082 19,2 S Vo}ozﬁwgm 0.006~¢c. | 0.27 128 | 0.27 | 0_05»~e?f o
AF0:5Zn 0.031 | 194 | 0,00 | 0.006~e | 0.29 13.6 | 0.28 | 0.05%e. | 75
1.0Zn |- 0.040 | 7205 | 0.020 | 0.008~e. | 027 | 133 | 0.27 - 0.09~e | 88
2070 ] 0023 | 2.0 | 002 | 0.008~ec | 025 | 187 .| -0.25 | 0.08~c | 79
. 3.0Zn 0.03 | 20.8 | 0.028 | 0.008~e. | 0.25 14.7 | 023 | 0.09~e. | 75
' 4.0Zn 0.0 | 21.7 0.027 | 0.007~ec | 0.25 | 15.3 | 0.23 | O.ld~e. | 79
| 5.0Zn 0.043 | 197 | 002 | 0.007~e. | 024 | 160 | 021 | 0I3~e | 77
- Tbzn | 79;050_ | 2.1 | 0.041 | 0.00~e | 0.28 | 206 | 022 0.10~e. | 76
10 Zn 0.0 | 315 | 004 | 0.008~e. | 0.32 29.9 0.25 | 0.10~e. | 61

WL EWFD, o IZSKEER Cud % U ETHEMT3H
ABHEOVP AL S TR 5N NIZFERSOEL
ERIELTO 3, BIEER S T4H, T6H LD bHHADS
DBENMEZRLUCOEBKETIRHM ET4 HBESTTS
HBSBATS 3, ,
chodnfl, KIEZRD 3 IELLME L NIZHEG—
BT ADMEEE% Fig.9, 10, 11, 12 &CT’g“o Eig.9 itk
?HM@%AU?ﬁ®m3wﬁ%Tun~05~1f0¢
ﬁ%%t&%cﬂmnﬁméﬁmwm*b £=10" T3
E—EOREE L B, COBEBNELIZACusEIE S
+ Al-Zu, Al-Mg A€ 8 X D 7 v A OHMOHA
L TED SN BFRTH B, BN TIREL SN
PEHONERIL O THOKE S E > ToE LI ZREIT
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e = 3
o e 1 3
o WVt 0
g / 4 -
= 10
5 /'/
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s |/
o
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10° ‘ 10" 10"
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Fig: 1 Log¢,* vsilog ¢ plots of -Al-Zn cold rolled sheets.

BL T B RO Cu2 % UETRATHD,
FOREROTAPBREL L BN TIN—K—/MEBEE
RIZELL T B, Fig.2 R Lz Al-Zn &4 OM 0% 4
12l ¢ OEE DL KR —F—/NTEEI EiICRTH D,
Al-Mg &4 T2 Al-Cu &% £ A I/D—K—/DOBEEIR
BT H > 1o FMIEAHTHZ B858RI - T
BLOBBBRL C EBTREINT VS, 0 THORIK
X OB I DU TR 1o Al-Cu B4 O T LR PERE % 2
& T Tabled # X ¢ Table 5 TR,

3.3 BEA7NIZ-TLEE
TmmlmetmEﬁwAﬁﬁcomf@%ﬂt#%
2% & 9T Table 6 IR, T 4R OMIGENA XL 1
@%Tb T6MiOM&HH®¢@EE®n1
% 1o Hod i IS HM O 2 5RO n % § fmaom
UCRECASMOn EOXBEE RS & OF THAL.1 TF

10’3'.
N A A
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=) 4
éx 102 321
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Fig: 2. Log o.% vs..log: ¢ plots.of Al-Zn fully annealed sheets.
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Table 4 Strain hardening exponeuts and plastic moduli of Al-Cu alloy sheets. (H and O temper)
AN Temper ) H i - O
e T Vet | & Vi [t [ Sirinrane [ oy | X Vi [ Crten [ S rnge | G 5
Al-0.5 Cu 0.071 23.9 . 0.025 0.003~¢. 0.27 . 17.1 0.21 0.10~¢. 101
-1.0 Cu 0.064 - 26.6 0.026 0.004~¢. 0.26 - 19."8 0:21 0.10~¢. 120
~2.0 Cu 0047 | 316 | 0.035 0.005~¢c | 025 | 25.3 0.25 0.11~e. 94
. -3.0.Cu 0.055 | 305 | 0.0%5 | 0.008~e. | 023 | 29.8 0.20 0.11~¢. % |
-4.0 Cu 0.075 49.2 0.024 0.010~¢, 0.25 31.1 0.21 0.10~¢. 70
-5.0 Cu 0.063 49.5 0.031 0.010~¢. 0.24 29.0 0.22 0.10~¢. 69
_7.5 Cu 0,064 50.9 .0.036 0.010~¢." 0.23 27.8 0.20 0.10~¢c 50
- 10Cu 0.045 49.1 © 0.026 0.010~e¢. 0.22 29.0 0.18 0.10~¢. ’ 35
) Table 5 Strain hardening exponents and plastic moduli of Al-Cu alloy sheets. (T4 and T6 temper)
\ Temper . N T4 Te T4/T6
o P g et T v s [ .5
“Al-0.5 Cu 0.25 16.7 0.22 0.09~e. 1 0.28° 17.4 0:21 0.09~¢e. " |139/127
—1.0‘Cu 0.23 19.3 0.21 0‘09~ecr_b 0.24 ‘ 19.0 0.21 0.12~e. |150/151
-2.0 Cu 0.26 - 33.1 . 0.17 0.09~¢. - 0.26 26.3 0.23 0.13~&.  |137/101
-3.0:Cit 0.26 41.6 0.16 -~ 0:09~ec .| 0.26 40.0 0.19 0.10~¢. 93/93
4.0 Cu 0.24 46.7 0.16 0.09~¢c 0.24 59.7 0.18 .0.09~¢. 100/71
-5.0. Cu 0.22 50.3 . 0.16 - 0. 09~€::~ 7 0.23 62.4 0.193 0.09~e¢. 64/71
-7.5-Cu 0.21 52.8 ©0.14 0.08~¢. - 0.21 61.5 0.16 0.10~e¢. i 46/42
- 10 Cu 0.20 51.8 0.15 0. 09N€c 0. 19‘ 60.1 0.16 0.09~e. | :36/27
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Table 6 Plastic characteristics of commercial aluminium alloys sheets.

October: 1981

ST

~ - Parameter| 0g 8 K . |.Strain - -EV. To o G.S.
N T : . EERN ! range for €e o : LDR | .
Alloy \\Tempel\(kg/mmz) (%) ~|(kg/mm?) nand K~ 1 (mm) | (at &) (€5)
- H 15.5' £ | 188 | 0.044 | 0.005~e.’| 0.022 | 7.8 | 0.43 1.95° " —
. A1050 0 7.8, 39 4.7 | 0.27 | 0.8~ | 0.25 1.1 | 0.63 | >2.05 | 80
H24 | 10.4 16 | 148 | o1 | 001~ | 011 85 | 0.58 | >2.05 | —
H 16.7 4 | 194 | 0.033 | 0.007~ | 0.023 | 7.2 0.3 1.95 | —
A1100 o 8.6 34 | 157 | 0.25 |°0.06~ | 0.25 | -10.5 | 0.65 | >2:05 | 6l
H24 | 12.2 13 .| 16.2 .| 0.076 | 0.01 ~ | 0.064 8.5 | -0.62 | >2.05 | —
4 H 36.5 4 43.0 | 0.03 | 0.008~ | 0032 | 20 | 019 | <165 | —
A2014 0 27.3 13 42.1 0.15 0.08 ~ 0.12 9.3 0.62 >2.05 69
: T4 | 495 19| 8.2.° 020 | 002~ | 0.16 6.5 | 0.65 | <165 | —
T6 | 50.4 10 | 701 | 010 | 0.01~ | 0.09 6.4 | .0.76 | <165 | —
H 38.9 2 2.2 | 0.028 | 0.008~ | 0.016 1.6 | 0.55 | <1.65 | —
A2017 0 31.4 18 52.9 | 0.20 | 0.09-~ | 0.16 9.1 | 0.71 | >2.05 | 88
T4 | 45.1 19 771 | 0.2t | 001~ | 017 | 6.4 .| 063 | <1.65 | 89
o H 40.3 3 50.2 | 0.036 | 0.01 ~ [ 0.025 14 | 033 | <1.65 | —
A2024 0 29.5 16 7.5 | 0.18 | 0.09 ~ | 0.14 8.8 | 071 | 200 | 76
T4 | 491 | 17 81.3 | 0.19 | 0.005~ .| 0.15 6.6 | 0.69 | <1.65 | 66
s : H 22.2 5 25.7 | 0.032 | 0.00 ~ | 0.018 | 57 | 0.33 1.67 | =
| -A3003 | O 11.6 33-.| 19.8..| 0.21 | 0.05 ~ | 0.21 9.8 | 0.57 | >2.05 | B
! T4 | 16.1 12 20.2 | 0.089 | 0.007~ | 0.05 84 | 051 | >2.06 | —
A3004 H 32.4 3 | 365 | 0.0 | 0007~ | 0023 | 2.4 | 046 | <1.65 | —
AR o 19.4 18| 308 | 017 | 006~ | 015 7.7 | 059 | >2.05 | 59
| IR B0 - ¢ 26.2 4 30.3 | 0.033 | 0.007~ |.0.024 5.4 | 0.38 1.95 | —
. A5005 0 14.6 20 23.7 | 0.18 | 0.09 ~ | 0.15 10.4 | 0.63 | >2.05 | 45
o H38 | 27.9 35.5 | 0.064 | 0.005~ | 0.05 6.3 | 0.43 2.00 | —
Casosz | B 31.7 3 37.8 0.041 | 0.009~ 0.025 | 2.3 032 | <1.65 | —
LA 0 19.9 19 34.2 .| 0.20- 01 ~ | 017 8.7 | 071 | >2.05 | 25
K582 H 44.0 4 .| 539 | 0.052 | 0.000~ | 0.035 2.7 | 042 | <1.65.| —
o 29.4 26 520 | 0.23 | 0.1 ~ | 0.21 9.1 | 063 | >2.05 | 21
5083 H 45.8 4 53.9 .| 0.039 | 0.01 ~ | 0.033 | 2.3 | 047 | <1.65 | . —
1 o 31.6 8 | 535 | 021 | 01 ~ | 017 | 83 | 0.5 | >2.05 | 18
asiss | B 36.9 | 4 4.2 | 0.044 | 0.008~ | 0.035 2.0 | 0.36 | <1.65 | —
o | 23 | 20 M5 | 023 | 01 ~ | 017 7.7 | 0.60 | >2.05 | 16
H | 195 | 4 21.4 | 0.019 | 0.007~ | 0.017 | 52 | 0.49 1.95 | —
ASNOL(D| O 9.9 | 2 16.8 | 0.21 | 0.1 ~ | 0.21 10.2 | 0.66: | 2.00 | 74
‘ H24 | 14.5 11| 19.1 | 0.076 | 0.005~ | 0.076 8.3 | 058 | >2.05 | —
asnor@| B 21.0 4 23.2 | 0.021 | 0.006~ | 0.021°| 5.3 | 0:51 2.00 | —
; 0O | 105 | % 179 | 021 | 01 ~ | 020 | 106 | 070 | >2.05 | 83
, H 29.4 4 33.7 | 0.031 | 0.007~ | 0.027 | 3.7 | 014 | 1.65 | —
AGO6L o 15.9 20 25.0 | 0.17 | 0.09 ~ | 0.16 10.0 | 0.71 2.00 | 70
T4 | 278 18 477 | 0.21 | 0.005~ | 0.15 8.0 | -0.74 | >2.05| 55
T6 | 34.3 12 50.6 | 0.13 | 0.005~ | 0.10 7.4 | 079 | >2.05 | 68
AT072" H 19.6 4 | 22.2 | 0.027 | 0.006~ | 0.024 6.3 | 0.32 1.95 | =
- 0 | 10.9 27 19.1 | 022 | 0.09.~ | 0.21 109 | 0.64 | >2.05 70
H | 43.7 3 53.4 | 0.049 | 0.01 ~ | 0.028 | 1.8 | 0.42 | <1.65 | —
AT075 0 30.6 13 52.0 | 0.19 | 0.07 ~ | 0.12 8.8 | 0.8 | >2.05 " 60
T6 | 57.9 13 83.4 | 0.12 | 0.02~ | 0.11 4.2 | 0700 | <1.65 | 65
H | 4.3 6 53.1 | 0.057 | 0.01 ~ | 0.055 1.7 | 045 | <1.65 | —
ATNOL 0 | .3.7. .| 17 50.1 | 0.18 | 0.08~ | 0.16 7.5 | 0.53 | >2.05 |- 61
T4 | 40.0 17 70.0 | 0.21 | 0.0l ~ | 0.3 45 | 058 | <1.65 | ~—
T6 | 40.6 10 56.1 | 0.097 | 0.007~ | 0.08 6.9 | 0.64 | >2.05 | —
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Shear and Creep Rupture Strengths at
Elevated Temperature of Soft Solder
Joints of Copper Tube
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