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ABSTRACT

Corrosion measurements were made on candidate alloys of construc-
tion for non-concentrating solar collectors under simulated conditions of
collector operation. Materials evaluated were aluminum alloys 1100, 3003,
and 6061, copper alloy 122, Type 444 stainless steel, and 1018 plain carbon
steel. The solutions used were equivolume mixtures of ethylene glycol and
water, and propylene glycol and water. They were used without corrosion
inhibitors but with addition of chloride, sulfate, and bicarbonate ions.
The influences of dissolved oxygen, solution flow velocity, and heat
transfer were evaluated. Corrosion morphologies investigated were general
attack, pitting, crevice corrosion, and galvanic corrosion. Experimental
resuits indicated that aluminum alloys can experience severe pitting and
crevice corrosion at chloride concentrations approaching 50 ppm. The corro-
sion rate of copper exceedéd about 100 um/yr in ethvlene glycol solutions
and about 80 um/yr in propylene glycol solutions. Crevice corrosion was
not observed for copper, but severe galvanic corrosion occurred when it was
coupled to T444 stainless steel. T&444 steel corroded at rates of less
than 1 um/yr under all exposure conditions. During circulation at 100 C
in the presence of air, ethylene glycol solutions acidified because of
‘degradation of the glycol. The initial pH of propylene glycol 501utions
was already low, about 4.5. The inherent corrosivity of propylene glycol
was somewhat less than that of ethylene glycol, although this difference
was usually less than a factor of two in measured corrosion rates. It was
concluded that the corrosion rates of aluminum alloys and copper were pro-
hibitively high in uninhibited glycol solutions, ahd that corrosion inhibi-
tors are definitely necessary in operating systems. It may not be necessary

to use corrosicn inhibitors in T444 stainless steel collectors.
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INTRODUCTION

To insure the 1ntegr1ty of solar collector systems for a design
lifetime of ten years or longer, it is necessary to mlnlmlze and control
the detrlmental effects of corrosion. The purpose of this DOE-sponsored
research program is to characterize the corrosion behav1or of candidate
alloys of comstruction for solar collectors under simulated service con-
ditions. The program included three separade tasks, as follows: "

(1) Review of the state of the art of collector corr051on'

(2) Study of aqueous corr051on in multlmetalllc systems

| under 31mulated solar collector operatlng condltlons

(3) Determination of the interactions between constltuents

in various kinds of waters and chemical antifreeze
additives.
This report describes results from the second task; results from the other

two appear in separate technical progress reports(l’z).




- Scope of Task 2

'.ffhis research'involved characteriZing corrosion of different
'metalS‘and alloys in simulated tap waters of varying-ionic strength. The
Ametals and alloys were selected based on results of the Task 1 literature
'survey( ), they consisted of copper plain carbon steel, stainless steel
(Type 444), and aluminum alloys (1100 3003, 6061). The waters contained
'antifreeze additions that were determined most likely to be used in aqueous
'collector coolants, again based on results of the Task 1 literature review.
‘Exposure conditibns simulated the.more severe range of those likely to be
enc0untered in re51dential heating and. cooling applications in a non-concen-
Htratlng solar collector system.;

Prlmarily because of time constraints in this research program,
“1t was necessary to limit the scope of experimental work within well-defined
.limlts. Spec1fically, in order to obtain measurable corrosion within
reasonable exposure times of two to three weeks, rather severe operating-

rconditions were investigated Thus, no . corrosion 1nhib1tors ‘were evalu-

.ated, this being reserved .for. subsequent 1nvest1gat10ns.' Ranges in per-
'tinent variables included temperatures to 100 C Reynolds numbers to 7000
‘aeration ‘and deaeration, and a range of water chemlstrles with - ethylene and
T%propylene glycol Many experiments were performed in a recirculating

. ystem that 51mulated certain performance aspects of non—concentrating _
collectors,4stagnation, however, was 1nvest1gated,only in Task 3 research.
'gélaced_research involved evaluating susceptibility to crevice corrosion
"“and galvanicﬁcoupling effects. | ‘ ,
Evaluation of corrosion inhibitors was outside the scope of this’
" program because the.philosophy of this research was to ‘study the most
'_severe exposure conditions' that reasonably could be expected to be encoun-

" during operation of residential non—concentrating solar .collectors.



One of these conditions was depletion of corrosion inhibitors and buffer

capacity from the coqlant, which can Qccuf in inadequately maintained systems '
eontaining (initially) inhibited coolant. Because ef the aﬁsence of .
corrosioq’inhibitops and the use of q;her nonfideal conditions,.such_as }

air saturation and presence of chloride ions,lthe results of this research

indicate materials performance under relatively harsh operating conditions;

PROJECT OBJECTIVES °

The specific objectives of Task 2 research were as follows:

(1) Determine corrosion behavior of candidate alloys of
construction of low temperature solar collectors in

candidate collector coolants.

(2) ‘Determine long term corrosion effects in these
coolants, including identification of metals
that are most effective under various conditions

of exposure.

(3) Determine the effects of galvanic coupllng by various’

metal comblnatlons

(4) .Determine the susceptibility of these metals to‘

.crevice corrosion.

EXPERIMENTAL PROCEDURES

" Materials

(1)

A survey of published literature in the Task I Report and

communications with representatives of various metals producers resulted




:in identification of six‘metals‘or alloys for'experimental evaluation.

"L These alloys were’ 1dent1f1ed as either already in use in commercial

".non—concentrating collectors, or llkely candldates for future use.

. They are: -copper alloy CDA 122, aluminum alloys 1100, 3003, and 6061; Type 444
'_stalnless steel and plaln carbon steel Their nominal comp051t10ns are

':‘given 1n Table 1. Spec1mens used in the rec1rculating system were in the
,form of tubing, each 17. 8 .om (7 in. ) long, 0.953 cm (0.375 1in.) outside

‘ dlameter, and 0. 755 cm (0.305 in,) 1n51de d1ameter _Galvanic coupling and

: crevice’ corr051on experlments were performed on specimens cut from sheet

:: $tock whlch was not necessarlly from the same heats as the tubular specimens.

All spec1mens vere chemically etched to establlsh standard,

]reproduc1ble, and unlform surface condltlons These treatments were as

‘:ffollows. (l) for aluminum alloys, a two-minute immersion in 10 percent

'7'NaOH_at 22 C; (Z)FEQr copper, a one-minute immersion in 10 percent

”‘HNO3 at 22 C; (3) for T444'stainless'steel, a ten-minute immersion in

'lOfperCent HF plus 20 percent HNO3~at 60 C; and (4) for 1018 steel, a fifteen-

‘second 1mmerslon in 10. percent H\IO3 at 22'C. The specimens were rinsed and

oven drled at 100 C, ‘and the tubular samples then were welghed to the
'4nearest O 0001 gram prior to exposure A

(L

_ The ‘literature review indicated that the mos t promlslng aqueous
'icoolants were ethylene glycol/water and propylene glycol/water mixtures

- The’ glycols were of reagent grade purity. The water was either distilled,
or. else it was a full strength or diluted solution or1g1nally containing

a'148 mg/l of \la,)SO4 165 mg/l of NaCl, and 138 mg/l of LJaHCO3 in distilled

~3?water, referred'to as "ASTM water" This solutlon described in ASTM

'ASpec1f1catlon D2570, contained 100 ppm each of C1, SO

i’ and HCO3 ions prior
‘to dllutlon with glycol. The glycol/water mlxtures were made with equal

volumes of glycol and water.

Corrosion Under Dynamic Flow '

Data obtalned under dynamlc flow condltlons were generated in

“,the rec1rculat1ng system shown schematlcallv in Flgure 1. This system



TABLE 1. NOMINAL COMPOSITIONS OF METALS AND ALLOYS USED IN THIS RESEARCH PROGRAM

Concentration, Welght Percent

Metal St " Fe Cu Mn Mg Cr Zn T Nb Al Mo C ] P - [ W
Al 1100 1.0 1 + Fe 0.05-0.20 0.05 0.10 3799 )
(Maxtoum) .
Al 3003 0.6 20.07 0,05-0.20 1.0 -1.5 o 0.10 Bal,
Al 6061 . 0.40-0.80" <% 0,07 o.ls—o.ad 0.15 © 0.8-1.2  0,06-0.35 0.25 0.15 Bal.
Cu 122 - : A > 99,8 ' ' : 0.02
;au.lsnmle" 0.14 0.08 IETER ) 18.85 0.12 o.s§ 2,00 0.01§ 0.020 0,025 o.ooﬁ 0.49 w
‘ tee .

1018 Sceel 0.60-0.90 0.15-0.20 20,06 "%0,05
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duplicated many aspects of a typical flat plate sSolar collector. It con-
sisted of four specimen assemblies through which coolant circulated, a
20-liter reservoir, and a pump. During operation, the solution was pumped
from the heated reservoir into the inlet header tube, through the four
parallel specimen assemblies, into the exit header tube, and back to the
reservoir for reheating and recycling. Figure 2 shows a more detailed
view of the arrangement of the four specimen assemblies.

The flow rate of 61 cm/sec (2 ft/sec) corresponds to Reynolds
numbers, NRe’ of 1050 and 6880 for an EG/water mixture (50:50 by volume)
at 22 and 100 C, respectivelv, and NRe of 760 and 5910 for a similar PG/
water mixture at these same respective temperatures. Thus, the majority
of exposure time during each'ewperiement involved turbulent flow for both
types of glycol solutions. T\plcally, the solutlons were equilibrated
with air during the exposure except for the last ten to twenty percent
of the total time, durlng which nitrogen was used above the solutlon to
indicate the effects o{ deaeratlon on corrosion rate. ' ‘

The pump head and all transfer tubingwere made of pol&tetra-
fluoroethylene (Teflon, PTFE). The header tubes were made of Hastelloy
C-276 (HC-276), and the valves were constructed from stainless steel. The
titanium reservoir was equipped with external electrical resistance
heating elements, internal thermocouple well, and ports for aeration, or
deaeration by nitrogen. Gas, either air or tank nitrogen, was passed
through the reservoir continuously during each experimeut. Solution‘flow
rate was adjusted by means of the upper row of valves in the:specimen ‘
assembly rack. Samples of solution were w1thdrawn perlodlcally through a
drain valve for pH determination. Inlet and outlet solution temperatures
were monitored continuously by means of external therﬁdcouples; the outlet
temperature was controlled at 99 to 100 C. All parts of the system, including
the specimens, were thermally insulated to minimize heat loss from the '
solution. In two experiments the effect of heat transfer through the

specimens to the solution was investigated.
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A cross sectional view of a specimen assembly is shown in
Figure 3. The bottom specimen in each assembly contained a 0.159 cm
(0.0625 in.) Hastelloy C-276 rod that served as a counterelectrode for
polarization resistance (PR) measurements. A'string bridgg penetrated the
PTFE connector situated above the bottom tube specimen and connected with a

saturated calomel electrode (SCE) at ambient temperature.

Crevice Corrosion

Crevice corrosion susceptibility was evaluated with the assemblies
depicted in Figure 4. The ratio of total metal—metai crevice area to the
area of freely exposed metal surface was 1:10. The PTFE spacers served not
only as electrical insulators, but they also provided polymer-metal crevices
for evaluating the effects of this type of crevice simultaneously with metal-
metal crevices. '

The surfaces of;éhe metal coupomns were prepared by surface grind-
ing followed by rinsing in ‘acetone. After assembly,'the nuts and bolts
were tightened to a torque éf 0.56 N-m (80 oz-in.). The crevice assemblies
were suspended in one liter vessels immersed in oil baths maintained at
100 C. The kettles were nearly filled with a 50:50 mixture of either
ethylene glycol/ASTM water or propylene giycol/ASTﬂ water. The solutions
were aerated throughout the exposures. Severity.of crevice corrosion was

determined by optical microscopy oﬁ'specimens at the end of each test.

Galvanic Corrosion-

The effect of galvanic coupling dp corrosion was evaluated in
experiments involving a wide variety of bimetallic couples. Equal areas
of strip specimens, about 7 cm2 in exﬁdséd area, wére etched and inserted
through stoppérs into polyethyleﬁe bottleslneérly filled with a 50:50
mixture of either ethylene glycol/ASTM water or propylene glycol/ASTM
water. The bottles were immersed in oil baths maintained at 93 C, and the

solutions were aerated throughout the exposures. Corrosion potentials,
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E of the coupled and uncoupled electrodes were measured periodically

b
corr
by means of a string bridge, SCE, and high impedance electrometer. Gal-
vanic current was monitored intermittently with a zero resistance ammeter.
The electrode pairs were electrically shorted to each other throughout the

exposure periods.

RESULTS

Corrosion Under Dynamic Flow

A summary of experiments performed in the recirculating system
is presented in Table 2. A total of eleven experiments was performed,
ranging in duration from 259 to 522 hours. Experiments 9 and 10
incorporated the effects of heat transfer through specimens to the
solution. Experiment 11 involved the highest level of chloride used,
namely, 100 ppm in the aqueous EG solution. Experiments in PG/ASTM
water were not performed because trends could be predicted adequately

from analogous experiments in EG/ASTM water.

€olution pH, Polarizatinn

Resistance, Corrosion Potential

Variations in solution pH, polarization resistance (PR), and
corrosion potential (Ecorr)'are given in Table 3 for EG solutions and in
Table 4 for PG solutions.

Considering pH, in EG solutions it decreased with increasing
exposure time in all but the EG/ASTM water solution’exposed to aluminum
alloys. The pH decreases were caused primarily by oxidation of the EG
resulting in acidic by-products; similar degradation was observed in

(2)

Task 3 of this research project , and analysis of aqueous glycol solu-

tions after prolonged periods at elevated temperatures confirmed the presence

of organic acidé, including oxalic acid. The degree of acidification




TABLE 2.

THE RECIRCULATING SYSTEM(a)

SUMMARY OF EXPERIMENTS PERFORMED IN

Experiment 'ikb) : e oo Duration(c),'Tfk
Number . ' Corrodent Alloys ‘Atmosphere -~ hr
1 EG/ASTM water Al 1100, air or .N, 330
i 3003, 6061 R
2 - EG/ASTM water copper, steel, air or N 522
2 e
stainless steel :
3 EG/ZO/ aSTM Al 1100, air or N, 451
water 3003, 6061 S
4 EG/20% ASTM copper, steel, " air or N2 438
water (d stainless steel
5 PG/20% ASTM copper, steel, air or N, 352
water (d) stainless steel )
6 PG/2Q% ASTM Al 1100, air or N, 432
water 3003, 6061 o
7 EG/distillegy Al 1100, air or N, 309
water 3003, 6061 '
8 EG/distilled copper, stainless air or N2 351
. water steel L
9(®) ' pg/distilled Al 1100, 3003, air or N, 259
. water ° - 6061 S
10(6).11 PG/distilled copper, stainless air orer 334
~water steel - e .
11 EG/hi%h c1- copper, stainless  air or N, 309
water steel T

(a) Temperature and flow rate were maintained at 100 C:and 61 cm/sec
(2 ft/sec), respectively, during each experiment. --

(b) EG = ethylene glycol; PG = propylene glycol; ASTM water contained
100 ppm each of Cl, SO4 and HCO3 icns (see text). 'Equivolume
mixtures were used. ‘ o '

(c) ATotai duration,'aoprox1mately 10 to 20 percent of the total
exposure time accrued at temperatures less than 100 C are included
in these times :

(d) This was ASTM water diluted 4:1 with distilled water prior to mixing
with EG or PG.

(e) These experlments incorporated the effects of heat flow through ‘the
tubular specimens to the solution ' )

(f) The water used to make thls equivolume mixture contained 200 ppm Cl,

- 100 . ppm SOA, and 100 ppm HCO.

et e e B,
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TABLE 3. VARIATION IN CORROSION-RELATED PARAMETERS
.. FOR SPECIMENS EXPOSED TO ETHYLENE GLYCOL
IN THE RECTRCULATING SYSTEM

a

Elapsed Corrosion 'Polul'u:ton

Exper{meng : ‘Specimen Time, Temperature, . . Potentisl, Resiscance. Sotueion
Number - Corrodent © Materisl hy % Atmosphere. D v(SCE) i . onmecmsclu oH
-8 . EG/discilled Copper 127 16 : 33" sir ©ouLUd 2620 | 5.5
. vater . TLbk . - o L 0.136 4880 R
Copper 122 2) 99 . air, -0.076 62 - 5.%
Tubs N - : . 0,187 39 .
Copper’ 122 129 - 99 © atr ) 0.194 39 - &7
CTa8s ) ' . 0.25% o 58 Lo
Copper 122 351 S99 B 7Y . 0.185. - - . ’n 4.6
Tadd . : . . 0.220 3
7 EG/disgilled Al 1100 2. T30 ’ atr <0,235. 2430 3.1
T water . Al 3003 : . - =0.290 to +0.309 2340
! ’ Al 6061 . . -0.250 . L69
Al 1100 .29 100 air . -0.513° N 806 . 5.4
Al 3003 . ’ , . . =0.604 . 367 :
Al 4061 ' : -0.531 . 50 .
Al 1100 . 213 . 100 atr T Fe.180 262 I3
Al 3003 : ) -0.190 : 193
Al 6061 R o -0.163 X 262
Al 1100 296 100 N2 . -0.277 262 . 4.1
Al 3003 ! - -0.305 : 206
Al 6061 : . . -0.245 262
3 . £G/207 Copper. 122 20 32 : afr, ©0.023 . 628 7.6
AST™ wvater CThad : . - -+ 0,038 22,500
. 1018 sceel L ) -0.300 431
Copper 122 29 100 : air -0.044 141 7.5
. Teid . -U.040 . 900 -
1018 Steel . . <0.559 86
Copper 122 358 100 afr - <0.145 : 6.6
Tads Lo . -0.159 2.6
. 1018 sceel -0.499 3.0
Copper 122" | 429 100 N2 . -0.269 . . 3.6 4.2
R Y o : +0.297 1.7
. 1018 'sceel . . -0.576 1.7
3 EG/20° LAl 1100 3 10 : atr -0.526 ) - 7.6
ASTY wager Al 3003 . .-0.850 . . N .
: Al 6061 . - -1.050 -
- AL 1100 3 : 100 air -0.856 142
Al 3003 ’ T : -0.916 - 90
Al 6061 ) : ' -0.925 129
Al 1100 358 100 air .-0.130 862 3.8
Al 3003 . . S -0.145 825
Al 6061 v . 0171 1290
Al 1106 .33 10 - : N2 -0.173 3000 s
Al 3003 ) -0.184 _ 1330
Al 6061 : : . -0.205 2230
2 : EG/AST™ . Copper 122 . 19 T 22 - sir -0.003 . . 126 7.6
. vacer . T4as . . . 0.021 37.5w
1018 steel * ) . . -0.405 52
Copper 122 25 N 100 sir -d.uda 21 . 9.7
Tl : . . -0.014 ~ 394
1018 stesl . & ’ : -0.621 © 9.0,
Copper 122 . 186 - - 100 - atr . -0,040 28
FIVARE e . : . U.a32 469
1018 sceel : . < . ) -0.450 11
Copper 122 426 100 afr . -0.0sy . 11 4.5
T4bs o T 0.101 . ©o14s
1018 sceel - ©-0.383 9.9 -
Copper: 122 522 100 N3, - ) 0,147 24 4.8
Tiil : : i Co . <0.0%5 21
1018 sceel, . - : R e - -0.603 12.9
1 . EG/ASTM Al 1100 - 18 L% air, o -0.522 o .12 7.6
vater . Al 1003 - ' . -0.564 225 . :
. . © A} 6061 . - v . -0.532 BRLY
Al 1100 R 101 : T air -1.09 3 9.1
Al 3003 ’ o . ) -1.00 o B
Al 6061, : . . . . - -1.03 .39
Al 1100 186 - 101 . air -0 940 47
Al 3003 - . . . : . ’ -1.00 X
Al 6061 e . -1.00 . ot .
T L Al 1100 . 234 . 101 . Nz . -0.933 52 8.8
Al 3003 . - . . -1.00 -~ 49 . ’
LAl 6061 ) o - . -0.992 . D
S B EGIASTY - R . Gopper 122 . 2¢ : 33 sir R N 1A e 161 E Y
vater « 50 ppm Cl T4k . T -Jd.ouys . 262 .
i . Copper 122 29 100 . -aif ’ +0,076 49 -
TobL, . . . »0.057 . . 206
- Gopper 122 237 : 100 : etr 0.104 .- i 5.8 Lt
. Tead R . - 0.159 4.5 ! -
Copper 9 o180 . N2 . . - 0,075 - 8.1 . . 4.5
4.1

Thid : : : : © 0,107

" y "
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:‘TABL.E 4. VARIATION IN CORROSIW'.REMTED PARAMETERS
: FOR SPECIMENS EXPCSED TO PROPYLENE GLYCOL
IN THE RECIRCULATING SYSTEM .

Elapsed - o : Corrosion Polarization

Experiment T Specimen Time, Temperature, . Potential, Resistance, °  Solution
Number Corrodeént Mstertal © hr o¢ : " Atmosphere - V(SCt) . ohm-cm?-103 pH
10 . Pc/disctlled*  Copper 122 © 15 - . 33 T ety " o009 1260 Ll
. ' water T444 . . . : T . . 0.158 ) " 3190 -
Copper 122~ 23 - 100 atr - 0,09 109
T444 : K . . 0.183 " 129
Copper 122~ 257" 100 ) air 0.171 64 T4
RO : S : 1 0.191 S92
Copper 132 334 - 100 N2 ©.o0.158 4l 4.5
T4bh - ' 0.157 . 56
3 . PG/distilled Al 1100 ‘19 VR . atr - -0,277 - 1520 4.5
. < water Al 3003 . ' : .o-0.312 1425
Al 6061 4 S +0.142 3750
AL 1100 26 99 ' atr -0.53 206 4.6
Al 3003 - S ’ T <0.677" 187
Al 6061 , : : . -0.777 225
A171100 187 99 aic -0.097 600 4.3
Al 3003 o : -0.082 . 544
Al 6061 o ©-0.120 675
Al 1100 259 99 : N -0.111 619 4.2
Al 3003 : , . = - -0.104 516
“ al 6061 . . . -0,135 12
5 .. PG/20% . Copper 122 16 30 © latr ©0.006 144 4.5
ASTM water. . T44d ) ) ) 0.043 675 ’
- 1018 steel B . : : -0.515 165
Copper 122 24 100 s Coatr- - =0.117 .28 4.5
Ta4s . S -0.027 .- 32
. 1018 sceel R » . . . : .-0.630 16
Copper 122 328 100 ’ . "air . ~0.159 9.7 4.2
TO4s S : 0,131 6.0
1018 steel - -0.570 6.6
Copper 122 sz’ . 100 . N2 - -0:297 5.8 4.6
T4ds : . : -0.298 3.4
. 1018 -sceel T ' -0.598 4.7
6 . PG/20% AL 1100 - 16 29 . str -0.34% 450 . 4.1
' ASTM water Al 3003 -~ ’ T -0,457 . 506
IR Al 6081° . i T .0:417 - 500
AL 1100 . - 23 100 S atr . e0.751 Y 4.1
© Al 3003 o : . ’ -0.679 90
Al 6051 . o g . -0.762 101
- al 1100 - 352 - 100° . atr -0.203 127 4.4
Al 3003 : : -0.205 184
Al 6061 . o . "-0.196 206
Al 1100 424 ‘100 : ©Ng . -0.510 . 165 4.4
A1 3003 . : -0.463 216

Al 6061 . _ 4 : 0,482 204
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was fairly uniform among'the exﬁerimenté (except Number 1), ranging

between about 4 and 5 units after 230-to 520 hours of circulation.

because of the relatively low initial pH of these solutions.
Concerning Ecbrr"that of. copper 122 shifted. 'in the

noble direction with increasing exposure time in EG/distilled wétet.l

and 1in EG/ASTM water plus 50 ppm Cl, It moved in the active direction

in EG/20% ASTM water and EG/ASTM water. Qualita;ively,si&ilar behavior
was observed in PG/distilled water and PG/20% AST& water. Ecorr of

T444 stainless steel moved in the noble direction in EG/distilled water,
PG/distilled water, EG/20% ASTM water and EG/ASTM water in equilibrium
with air; deaeration usually caused a large active shift. 1In PG/20% ASTM
water the shift was in the active direction regardless of’the atmosphere
in equilibrium with the solution. ECorr of the 1018 steel was relatively
active for all exposure conditions, as expected, and it was not largely
influenced by changes in solution chemistry. Eco of the aluminum
alloys displayed the greatest relative movements. For example, the
respective final.pdtentials of 1100, 3003, and 6061 alloys were -0.277,
-0.305, and -0.245 V(SCE) in EG/distilled water, but they were -0.933,
-1.00, and -0.992 V(SCE), réspectively,-in EG/ASTM water. . Similar changes
in the active direction were observed for these ;hree:ailoys in PG/20% ASTM
water, relative to those in PG/distilled water. Potential behavior

during a given experiment was less definable. Thus, in EG/distilled water
corr of the three aluminum alloys exhibited maxima (i:e., were most noble)
part way through the exposure, whereas in EG/ASTM water the values essentially
shifted monotonically in the active direction. It will be shown in a
subsequént section that corrosion potential correlated qﬁalitatively with
pitting behavior for the aluminum-base .alloys.
Polarizaéion resistance measurements were made‘periodically to

ascertain, in a semi-quantitative mannér, real-time corrosion behavior

of specimens in the recirculating system. .Polarization resistance provides
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a measure of the instantaneous corrosion rate of an electrode,provided
certain system parameters are known. Specifically, the Stearn-Geary
equation states that the corrosion current, ic’ at an electrode QndEr

activation control is given by the equation,

w0
w
%

.1 &% ;322’ o (1)

c 2.3 g + B AE :

in which Ez'and Bc are anodie and cathodlc-Tafel eonstants,'and ia 0 is the
current measured when the electrode is polarized from its freely corroding
poteqtial by a polarizing voltagerf?magnitudefAE. The applied polariéation,
AE, is typically 5 to 15 millivolts. .The slope of e curve of appiied voltage,
AE, versus current, iapp’ has units.of volts/ampere, or ohms, and therefore

is referred to as the polarization resistance, PR. Examination of Equation 1
shows that, for constant values of Baﬂanq.*%, eorrosion rere (ic) is inversely
proportional to PR, which is AE[iapp. Thus, a‘rluctuarion‘of PR of a corroding

electrode to a larger value indicates a reduction in corrosion rate.. If it

.is assumed that Ba and f% are relativelyrconstant<throughout‘an-experiment"

(which is almost never strictly true, but which often proyides_sufficient
accuracy for detecting the effects of-major'varieﬁles), these‘variations in
PR can be used to estimate the influences of experlmental variables on corro-
sion rate. The PR data could not be transformed 1nto actual instantaneous
corrosion rates for two reasons. First, the Tafel slopes necessary to reduce
the PR data could not be measureq with sufficieht'accuracy‘becauSe of IR drop
effects in the solution. Secopd, it‘aopears that redox reecrions were occur-
ring in the glycol solutions simulteneOusly with<corrosioh, and such reactions
possibly would have introduced errors into'the calculated'corrosion rates;:A
Therefore .relative changes in PR were used to ascertaln the 1nfluence of
experimental variables on corrosion rate. . , ‘

An indication of PR-time behavior is given in Tables 3 and 4,
Usually, a large reduction of PR occurred'durlng‘1n1tial$heat1ng of the electro-
lyte, whereas subsequent behavior depended on'the corrosivity of the particular
electrolyte. 4By way of illustration, PR-time behavior is oresented in Figures

5 through 11 for selected experiments.
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10,000
Solution - EG/distilled woter
[ Alloys - Cu 122, T444 S S,
Temp- 100 C
/l Flow rate - 61 cm/sec
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FIGURE 5.° PR VERSUS TIME FOR Cu 122 AND T&444
STAINLESS STEEL IN EG/DISTILLED WATER
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Solution - EG/distilied water
Alloys = Al 1100, 3003, 6061
Temp ~100C

Flow rate ~ 61 cm/sec

Expt -7

.50 100, 10 200 . 250 . ... 300.. % 350
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{

FIGURE 6. PR VERSUS TIME FOR AL ALLOYS 1100,
l "~ 3003, AND-6061 IN EG/DISTILLED WATER
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T 7 T
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Air N,
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FIGURE: 8; PR VERSUS “TIME FOR-Al ALLOYS 1100,
3003, AND 6061 IN EG/20% ASTM WATER
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PR, f1-cm? «10°

Solution ~ EG/ASTM woter
Alloys = Al 1100, 3003, 606!

Temp ~100 C
Flow rote ~ 61 cm/sec
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FIGURE 10. PR VERSUS TIME FOR Al ALLOYS 1100,
3003, AND 6061 IN EG/ASTM WATER
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Several features of Figures 5 to 11 are noteworthy. First, the
PR decreased markedly, often by several orders of magnitude, when the EG
solutions were heated to 100 C from time O, at which the temperature was
about 30 C. This behavior was expected due to the thermally activated
nature of corrosion and electrochemical reactions in general. This decrease
also presumably occurred in Figure 8, but it was‘noﬁ-resolved,bécause'no PR
measurements were taken at ambient temperature, i.e., at time t = 0. Figures
5, 6, and 11 indicate that a steady state condition had been reasonably well
established by'the end of the exposure.to air, that is, prior to substitution
of N2 for ;he air atmosphere above the recirculating solution. However,
Figures 8 to 10 show that steady state had not been established. Specifically,
in Experiment 1 and 3, Figures 10 and 8, the PR was slowly ihé;easing, in-
dicating a.slow reduction in corrosion rate with increasing exposure time.
In Experiment 2, Figure 9, the apparent corrosion rate was still increasing.

It should not be assumed that. corrosion represents the only
oxidation reaction giving rise to the PR behavior shown in these figures.
Corrosion data from T444 will be presented that indicates that other redox
reactions apparently occurred in conjunction with corrosion, because although
the low PR values observed on T444 stainless steel suggest-a rapid corrosion
rate, no measurable corrosion was detected on this élloy under any exposure
conditions.

Toward the end of each experiment nitrogen was substituted for air
in contact with the solution to determine the effect of atmospheric oxygen
on PR and Ecorr' In.Figures 5, 6, 7, and 11 no effect of removing atmospheric
oxygen was observed. Figures 8 and 9 show an increase in PR upon substitution
of nitrogen, indicating a reduction in overall oxidation rate with oxygen -
removal. Figure 10 sths an opposite effect, namely, a slight;enhanceﬁéntl
of oxidation rate with oxygen removal and restoration of this rate upon its

re-introduction.

Corrosion Rates

Corrosion rate data based on weight loss are presented in Tables 5

and 6. No pitting occurred on copper 122, and on T444 and 1018 steels. Because
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AVERAGE CORROSION RATES FOR COPPER STAINLESS STEEL, AND

PLAIN CARBON STEEL OBTAINED IN THE RECIRCULATING SYSTEM »
;Expeximenp L . : Average Corrosion rate(a)
- Number . "Corrodent' ~ Alloy mg/cm‘/yr - um/yr
8 EG/distilled Copper 122 152’ 171
e water Th44 SS <1 <1
Iy EG/20% ASTM ‘Copper 122 90 101
» ~ water ‘ T444 SS _ <1 <1
i . 1018 steel - 3930 5040
2 ' EG/ASTM water . Copper 122 160 180
- AU . - T&4t SS . <1 <1
11018 steel 890 1140
11 EG/ASTM water - ',Coppef 122 '2120.' 239
- + 50 ppm Cl .. T444 SS <1 <1 .
© 10 ‘PG/dlstllled - * Copper 122 . 71 80
Lo . water : T444 SS <1 <1
5 ' PG/20% ASTM .. Copper 122 70 79
. water. .-, T4h4 SS , <1 - <1
-1018 steel’ 2930 3760 .

Ty T

(a ) Rates a:e averages from tr1pl1cate tube spec1mens

extrapolated to annual rates in -3 linear manner.

They were -



TABLE 6. MAXIMUM PIT DEPTHS AND APPROXIMATE PIT DENSITIES FOR
ALUMINUM ALLOYS EXPOSED IN THE RECIRCULATING SYSTEM

Maximum - Maximum
Exposure - Pit Pit
Experiment Time,(2) _ Depth,(bP) - Density,
Number Corrodent Alloy ~ hr um _ em”
7 EG/distilled 1100 260 5 >1.8'10§
‘water 3003 : 5 < 9-105
. 6061 _ l9 >1.8-10
3 ‘EG/20% ASTM 1100 440 6 >l.8-10§‘
water ' 3003 8 ‘ >l.8-105
6061 20 >1.8-107
1  EG/ASTM 1100 285 72 >1.8-1og
water 3003 127 >1.8°105
6061 150 >1.8:107
9 PG/distilled 1100 234 3 < 9-103
water 3003 ' ' 4 < 9-10¢
6061 . o 13 - >1.8-10
6 PG/20% ASTM 1100 404 3 >1.8-10§
water 3003 s < 9-107.
6061 14 >1.8

.10°

(a) Time at operating temperature, 100 C.

(b) Determiﬁed by means of a microscope with a calibrated -focus
adjustment. Pit depthg and pit densities were obtained by
examining abOut 125 cm” of each type of specimen.
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pitting was the predominant form of attack on all three aluminum alloys,
corrosion data are presented as a rate of pitting rather than a rate of’

overall weight loss in Table'6,.:The'corrosion rates of copper in EG solutions‘

. were least in EG/20% ASTM water (101 um/yr)'and‘greatest inVEC/ASTM water plus

50 ppm chloride (239 pm/yrx). Interﬁediate'rates-occurred in EG/distilled
water (17l um/yr) and EG/ASTM water (180 um/yr) These rates ‘are approximate

". because they are extrapolated to an annual ba51s, ‘a period about 25 times

4"longer than the exposure times. Furthermore, there may have been some pro-
"'tectlon afforded by a grow1ng corr051on product fllm, although such films

. were not well developed on the copper tube specimens after exposure. These
'corros1on rates prOVLde an estlmate of the u _EESE_BQEEQ of the rate of attack,
;‘and they are adequate for assessing the suitability of an alloy/solution
combination over a 10 to 20~year design lifetime{‘ Since the wall thickness
was 889 um (0.035 in.), a corrosion rate of 89 um/yr,would penetrate a tube:

in 10 years.

' The corrosion rate of T444 stainless steel'was-less than 1 um/yr

. under every exposure conditlon‘studied The highlconcentrations of chro—
.mlum and molybdenum resulted in an extremely protectlve passive fllm that
‘was almost totally 1nert in ‘the various test solutions. The corrosion rates
of 1018 steel specimens were relatively large, as expected, and ranged »
between about 1100 to 5000 um/yr. - ) ) '

In PG solutlons the corrosion rate of copper was less than in EG
solutlons, provided the make—up water was either. dlstllled or 20 percent
ASTM water. The corrosion of 1018 steel likewise was less in PG solutions,
whereas T444 stainless steel again was unattacked. The'dlfference in .
corrosivit& of PG versus EG solutions was about a factor of two or less.

‘Pit depths and pit dens;tles are listed in Table 6 for the three
alumlnum alloys that were 1nvest1gated. (Because pits in alumlnum usually
grow at a non—llnear rate, some manipulatlon was requlred to convert the pit
4,depths into rates of attack, see Table 7). The least susceptlble alloy to
pitting was 1100 and the most- susceptlble uas 6061 Thls‘relationship pre-
':‘_valled in both EG and PG solutlons. Except in EG/ASTM water, pitting .behavior
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of the 3003'alloy more closely approximated that of 1100 aluminum than that
of 6061 alloy. Pit depths were somewhat less in PG solutions than in EG
solutions. With few exceptions, notably on 3003 alloy, the number of pits
per unit area of exposed specimen surface ("pit density'") was extremely high,
exceeding l.8x105 cm_z. It is apparent that the mode of attack was one of

- formation of a great many pits, but relatively shallow in depth.

Pitting rates were calculated in the following manner. Pitting
propagation in aluminum has been ohserved to follow a cube root law(B)’
1/3, )

where D is measured pit depth, t is exposure time, and k is the pit growth

D = kt

constant. 'Insertion of the maximum pit depths, D, from Table 6 together
with corresponding exposure times, t, into Equation 1 yielded the k values
presented in Table 7. These k values were determined from an examination i
of about 125 cm2 of specimen surface area; because pitting is statistical by
nature, larger specimens might have yielded somewhat deeper pits. Also
inéluded in Table 7 afe the times, calculated from Equation 1, required to
penetrate 889 um and 508 pm (0.035 in. 'and 0.020 in.) thick specimens.

These thicknesses are in the range that would be encountered in commercial
solar collectors, and the penetration times provide an estimate of the use-
ful lifetime of a typical system in the absence of other acceleratihg in-
fluences. Note that penetration would be fastest in EG/ASTM water, where
estimated penetration would occur in as little as 1.3 year. In all other
environments, calculated penetrations would occur only after long exposuré
times of the order of 820 to 1,200,000 years. Differences in chloride ion

concentration are primarily responsible for this variability.

" Effect of Heat Transfer

The influence of heat transfer through the copper and aluminum
alloy tube specimens into the circulating solutions is summarized in Tables
8 and 9. Tue purpose of these experiments was to determine whether effects
.of heat transfer on corrosion could be neglected without incurring serious

error in measurement of corrosion rates. These tables show that neither
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PITTING CONSTANT AND EXTRAPOLATED PIT
DEPTHS FOR ALUMINUM ALLOYS EXPOSED IN
THE RECIRCULATING SYSTEM

: ~ Pitting Time Required for Pit Depths
Experiment Constan; k of 889 uym and 508um, yr a)
Number Corrodent Alloy (ym/hrl 3) 889 um 508 um

I ayaS 4

7 EG/distilled 1100 ' 0.784 l.7-105 3.1-104
water 3003 0.784 l.7-103 3.1-1 2

6061 2.98 3.0-10 5.7-10

o 5 4

3 EG/20% ASTM 1100 0.789 »1.6'104 3.1-104
water 3003 1.05 6.9-103 l.3°102

6061 2.63 4.4.10 8.2-10

1 1
1 EG/ASTM 1100 10.9 6.2-101 1.2'100
water 3003 19.3 1.1-100 2.1'10O

6061 22.8 6.8-10 1.3:10

.. 5 5

9 PG/distilled 1100 0.487 6.93104 1.3-104
water 3003 - 0.648 2_.9~l_03 5.5'103

6061 2.11 8.5+10 1.6°10
6 PG/20% ASTM 1100 0.406 1.2'102 2.2'102
water 3003 0.676 -2'.6'104 4.8*103

6061 1.89 1.2°10 2.2-10

(a) 889 um and 508 um correspond to thicknesses of 0,035 and 0,020 in.,

respectively.
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TABLE 8. INFLUENCE OF HEAT FLUX ON ELECTROCHEMICAL BEHAVIOR
OF ALLOY SPECIMENS EXPOSED TO A 50:50 MIXTURE OF
PROPYLENFE GLYCOL AND DISTILLED WATER AT 100 c(a) |

) Heat Elapsed Corrosion Polarization
Experiment Specimen Flux (P s Time, Potential, Resistange,
Number Material w/m2 hr Atmosphere V(SCE) ohms/cm
10 copper 122 0 23 air - 0.094 - 58
copper 122 946 0.085 65
copper 122 4731 0.097 -
copper 122 0 257 air 0.162 ‘ 29
copper 122 946 0.175 38
copper 122 4731 0.175 -
copper 122 0 334 N, Y 0.156 19
copper 122 " 946 0.172 24
copper 122 4731 0.175 -
9 Al 3003 0o - 26 air -0.677 100
Al 3003 946 -0.695 100
Al 3003 4731 , -0.705 - |
‘ |
Al 3003 0 187 air -0.082 290 |
. Al 3003 946 -0.093 - 260
- Al 3003 4731 -0.097 - \
Al 3003 0 259 N, -0.104 270
Al 3003 946 : -0.105 280
Al 3003 14731 ' -0.103 -
(2) Experiments performed in'recirculating system at flux rate of 61 cm/sec |
(RE = 5910)
(b)

2
A heat flux of 946 W/m2 is equivalent to 300 BTU/ft"/hr, a reasonable
upper limit for 'the solar power on a surface normal to the sun per unit
of collector area a mean distance from earth to sun'" (from Applied Solar-

Energy by Meinel and Meinel, Addison Wesley, Massachusetts (1976), pp 40-41).
The value of 4731 W/m2 was selected because it is five times greater than
the maximum solar flux, and about that which occurs in tube and fin
collectors.
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TABLE 9. INFLUENCE OF HEAT TRANSFER ON CORROSION
BEHAVIOR OF ALLOY SPECIMENS EXPOSED TO
A 50:50 MIXTURE OF PROPYLENE GLYCOL AND
DISTILLED WATER AT 100 c(a)

Heat Maximum Weight
Experiment Specimen Flux, Pit Depth, Lossé'
Number Material W/m2 um mg/cm
' (b)
10 Copper 122 0 No pits 2.98
Copper 122 946 No pits 2.96(®)
Copper 122 4730 No pits 3.00(d)
9 Al 3003 0 ' 4 0.ll(b)
Al 3003 946 4 0.11¢®)
AL 3003 4730 3 0.09'%

(a) Experiments performed in recirculating system at a flow
rate of 61 cm/sec (Nge = 5910).

(b), (¢), (d) Averages from 6, 2, and 1 specimen, respectively.



33

pl@tlng nor weight loss was 1nfluenced substantially by the presence of heat
PR Y

transfer rates ‘up ‘to 4730 w/m “

"Crevice Corrosion

. bReaults of ;he‘crevice corrosion experinents are presented in

Table 10, and in selected photographs in Figures 12 through 15. No attack
was noted on‘copper 122 or T444 stainless steel in either EG or PG solutions.
‘Some discoloration did occur in the crevice on T444, and evidence of rather
severe general corrosion was found on the freely exposed surfaces of copper
122. ‘C;evice attack on the aluminum alloys, when it occurred, tended -to be

' worse at'PTFE-metal interfaces than at metal-metal interfaces, although more

. experiments need to be performed.to strengthen this observation. Crevice
corrosion was somewhat less severe in PG/ASTM water, althougn more experiments

are needed to confirm this finding.

Galvanic Coupling

Table 11 summarizes results of galvanic coupling measurements of
'vafious electrode pairs. Couples yielding the largest currents, which were
proportional to corrosion rates, were those between T444 stainless steel
and 1018 steel;Afairly'large currents also flowed between T444 and copper 122.
Currents were least among the:aluninum-to—aluminum couples. The influence
of type of glycol on the nature of galvanic corrosion was, in some cases,
quite pronounced. - For example, PG caused a reversal in polarity of couples
involving 1100/3003, 3003/6061, and 1018/6061. It also caused much lower
currents for couples of - 3003/1100, 1018/1100, 1018/3003, 1018/6061, and
444/1018.. Variations of uncoupled corrosion potent1a1 and galvanic current
with'exposure_tlme in aerated EG/ASTM watervand PG/ASTM water are given in

the Appendix.
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TABLE 10. SUMMARY OF RESULTS OF C§EVICE
_ CORROSION EXPERIMENTS (2
. . ®
everity of Crevice Attack
Solution Alloy Metal-metal interface Metal-PTFE interface
EG/ASTM 1100 Moderate Minor
water 3003 minor none
6061 minor severe
Cu 122 none none
T444 none none
PG/ASTM 1100 None " Moderate
water 3003 none minor
6061 minor severe
Cu 122 none : none
T444 none none

(a)

(b)

Duplitate specimens were exposed in non-flowing, aerated solutioms

at 100 C for 50 days.

Terms are relative.

Chloride concentration was 50 ppm.
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10X

FIGURE 12. MODERATE CREVICE CORROSION ON Al 1100
(METAL-METAL INTERFACE) EXPOSED FOR
50 DAYS IN EG/ASTM WATER AT 100 C



!

10X

FIGURE 13. MINOR CREVICE CORROSION ON Al 6061
(METAL—METAL INTERFACE) EXPOSED
FOR 50 DAYS IN EG/ASTM WATER
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10X

FIGURE 14. SLIGHT CREVICE CORROSION ON Al 6061
(METAL-METAL INTERFACE, NEAR UPPER
LEFT HAND CORNER OF CREVICE REGION)
EXPOSED FOR 50 DAYS IN PG/ASTM WATER
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FIGURE 15.
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SEVERE CREVICE CORROSION ON Al 6UbL

(PTFE-METAL INTERFACE) EXPOSED FOR
50 DAYS IN EG/ASTM WATER




TABLE 11.

AT 93 C

RESULTS OF GALVANIC CURRENT EXPERIMENTS
IN AERA

%g? EG/ASTM WATER AND PG/ASTM WATER

Potential, V(SCE)

Galvanic Current,

Solution Anode/Cathode Anode/Cathode uA/cm
EG/ASTM water 6061/1100 -0.322/~0.670 .3
EG/ASTM water 3003/1100 -0.265/~0.650 .6
EG/ASTM water 3003/6061 -0.350/-0.550 <0.1

. EG/ASTM water 444/1100 -0.040/-0.690 12.9
EG/ASTM water 444/3003 0.035/-0.680 16.5
EG/ASTM water 444/6061 0.055/-0.675 14.5
“EG/ASTM water 1018/1100 -0.725/-0.843 .0
EG/ASTM water 1018/3003 -0.715/-0.885 1.4
EG/ASTM water 1018/6061 -0.715/-0.855 .2
EG/ASTM water 122/1018 -0.490/-0.695 2.2
"EG/ASTM water 444/1018 -0.615/-0.700 19.9

EG/ASTM water 444/122 © 0.110/ 0.028 6.1

 PG/ASTM water 6061/1100 -0.500/-0.660 0.1
PG/ASTM water 1100/3003 -0.570/-0.833 <0.1

_PG/ASTM water 6061/3003 -0.500/~0.810 <0.1
PG/ASTM water | 444/1100 0.015/-0.690 15.7
PG/ASTM water © 444/3003 0.040/-0.700 22.3
PG/ASTM water 444/6061 - ~0.150/-0.679 6.4
PG/ASTM water 1018/1100 -0.701/-0.718 <0.1
PG/ASTM water 1018/3003 " =0.715/-0.800 <0.1

' PG/ASTM water 6061/1018 -0.590/-0.718 0.3
PG/ASTM water 122/1018 -0.195/-0.700 2.9
PG/ASTM water 444/1018 ' ~-0.672/-0.690 2.9
PG/ASTM water 444/122 0.170/-0.020 5.7

(a) Readings taken after about 500 hours of exposure. Potentials measured
after electrically uncoupling the electrodes, which were of equal areas.
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DISCUSSION

As stated in the Introduction, the philosophy of this research was
to measure corrosion under :elatively extreme, OTr near-worst case, operating
conditions anticipated for non-concentrating solar collectors. The data
thus reflect corrosion behavior under non-ideal operation, and specifically,
in the absence of corrosion inhibitors. These data are applicable to
systems 1n which corrosion inhibitors and/or buffering capacity are depleted,
prov1dpd such depletion does not accelerate the rate of corrosion above that
encountered in uninhibited solutlons. The data also reflect the detrimental
influence of chloride ion, which is the species that probably will cause the
most frequent and severe corrosion problems in actual operating collectors.’
In this regard, its effects were studied at sufficiently high concentrations
to identify tolerable limits for the exposure conditioms used in this work.
It should be noted that other deleterious species, such as dissolved copper
and iron,.were not investigated; in another study( ) dissolved copper and
iron were shown to cause pitting and accelerated general attack, respectively, .
of aluminum alloys under simulated solar collector exposure. Also the effects
of drain-down were not characterized; drain-down can accelerate corrosion
under certain conditions, because it concentrates ionic species and .increases
availability of atmospheric oxygen. Nevertheless, the sustained temperatu:é of
100 C, presence of turbulent flow, and abundance of dissolved oxygen dupLicated

harsh operating conditions.

Corrosion Under Dynamic Flow

The data in Tables 5 through 7 are particularly revealing because
they indicate relativeAanticipated corrosion rates in solar collectors under
near-worst case conditions. If a tolerable corrosion rate is taken as
89 pm/yr (0.0035 in/yr), which will yield about a 10 year lifetime for tubiﬁg
with 889 um (0.035 in) thick walls, then it is apparent that T444 stainless

steel would be satisfactory under all conditions that were studied (Table 5).
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The high chromium and molybdenum contents of this alloy rendered it virtually
inert in all solutions. Conversely, copper 122 corroded at-prohibitively
high rares in EG “solutions, presumably because -of the ready availability of
dissolved oxygen. Because of the noble corrosion potential of copper, its- .
corrééiah rate probably would have been less in deaerated solutions

(althodgh ‘this 'statement -is not supported byﬁapparent PR .behavior). How-
ever, the influence of glycolic dégradation products on removal of -the -
protective corrosion film<on‘c0pper'is not established, and ‘thHis-phenomenon.
could conceivably sustain corrosion in the absence of air.

“A protective film possibly would have developed on the immer - . .
copper tube surfaces during. longer exposures -in the presence of dissolved
6xygén, and thereby reduced the corrosion ‘rates substantially. It was.not
practicable to determine -this possibility because of the very long exposure
times that would have been required. On the.other hand, examination of the ..

freely exposed surfaces of copper crevice coupons indicated the presence of

a thick, porous, non-protective.film after 500 hours exposure. It is. suspected

that ‘the combined influence of acidification and chloride ion prevented
formation of'protéctiveﬁCuZO. The rather ‘large weight losses of "about

8 mchmz measured -during descaling copper tube specimens also suggest the-
presence of thick and non-protective films.

The -large corrosion rates of 1018 steel indicate the need for
proper -inhibition of solar collector systems containirng ferrous, non-
stainless cdomponents. The smaller corrosion rate in Experiment 2 may have
‘feésulted from thé ifiéreased pH:and buffering capacity of the full strength
ASTM water, which would have delayed acidification.

The corrosivity of PG/water solutions toward copper and Steel.
was méfginallyfless than that of EG/water solutions for .the anion concen- . .. -
trations: that ‘were investigated.: This factor, ‘and its lesser toxicity,
cénstituﬁe”somé=advantage'over EG for use in certain: types of solar collec-
tor systems: *:

“The'pit-densities listed in Table 6 show a very high incidence of.
pit initiation under most exposure conditigns.-»However; the individual pits.

were very shallow, and it even can be argued that a 3 or 4 um deep cavity
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is not yet a pit. There is undOubtedly'a'cause'and effect relationship

- ‘between the high. density and shallow depths, as first proposed by Mears and ‘

(5)

Brown . It is concelvable that the flow1ng action of the solution -con-—
"tlnually flushed the p1ts free of the corrosive electrolyte that developed
'withln them, cau51ng high densities but shallow depths. - ’
The pltting propen51ty of 1100 and 3003 was similar and consider-
' ably less than that of the more highly alloyed 6061 in the dllute solutions,
-although in EG/ASTM water llOO'wasvnoticeably superior'to 3003. ‘More quan= |
”‘titatiVe comparisons are possihle with the computed pitting,constant, k, in
: Tahle-7.' Larger k values denote a stronger dependence of pit depth on the .
,cube root ‘of expOSure tlme, and thus greater susceptibility to pitting. The
values of k for 6061 alloy wera con51stently hlgher .than those for the other
two alloys, and they varied substantlally with solutlon comp051tlon These
values clearly show the detrlmental effects of chloride ion on pitting cor-
'rosions. (The other anions present, namely, sulfate and bicarbonate, do not
stimulate pitting of aluminum alloys as strongly as chloride).’ Specifi~-
cally, k values increased sharply as the dlssolved chloride level reached
.'50 ppm in EGLASTM water.: A concentration of 50 ppm chloride in the glycol
solution corresponds to 100 ppm in the water itself. This 1s less than the
- chlorlde concentration present in many tap- waters in the. United States. ‘
'lThe'effect on k of increasing chloride from 0 to lO ppm, EG/dlStllled water -
versus EG/20 percent ASTM water,lwas much smaller. Comparison‘of kAvalues
in EG and PG solutions prov1des a clear indication of . the greater corrosiv1ty
4of EG, and shows that the dlfference is not large. The last. column shows that
deven alloy 6061, the most susceptible to pitting, would allow a design llfe—
. time. exceeding 20. years in every solution except EG/ASTM water, -and
A.presumably PG/ASTM water. A small change in the exponent of time, t, in-
f“Equation 1 ‘would not change the preceding statement because of the very
large safety factor’ present in the calculated penetratlon times. For example,"
for 6061 alloy to fall in 20 years in EG/dlstilled water by penetration
.::through a wall thlckness of 508 um, the exponent in Equatlon 1 would have to
be 1ncreased from 0. 33 to about 0. 50




(2)

It is significant that Task 3 ‘research results showed .much
Adeéper pitS‘oh<aluminum al;oys than those reported in. Table 6. For example,
after‘i750‘hours<in_aefatéd EG/distilled water at 100 C the maximum pit
"dépths in 1100; 3003, and 6061 alloys were 530; 450,Aand 240 um, respec-

4 tively. At least two possible explanations exist for the more severe pit-
ting in this companion study; First, the exposure of 1750 héurs resulted
in lower final pH values, generally in thé range 3.3 to 3.8, and these
lower pH's may be responsible for the grgatér aﬁtack. Second, the Stagnanﬁ
exposure conditions may have promoted_the growth of fewer pits and to deeper
depths than the dynamic flow used in the present investigation.

"It is conceivable that aluminum alloys could be used successfully in
~uninhibited flowing EG and PG solutioﬁs, pfovided the only corrosive species
is chloride ion and its concentration is kept'well below 50 ppm. However,
the possibilities‘of enhanced pitting during periods -of stagnant flow, from
possible contamination by additional chloride, and from accumulation of Cutt

(4)

or Fe+++ ions strongly dictate the need for adequate chemical inhibition
"of corrosion in commercial aluminum collector systems. '

"The data in Tables 3 and 4 raise a question concerning the useful-
ness of PR as a quantitative indicator of corrosion. For example, PR was
‘relatively low on T444 stainless steel, yet‘no measurable corrosion occurred
v on this alloy. Apparently, a redox reaction occurred on the steel that gave

rise to the large measured currents. The nature of this reaction is not

-of the glycols, or possibly a Cu /Cu . couple was operating as a result of
Acorrdsion of the copper tube specimens. PR has been used sucéessfully in
inhibited glycol solutions to measure corrosion rates of aluminum and other

(6).

known; it may have resulted from accumulation of acidic degradétion products
alloys ; therefore, its utility in collector systems cannot lightly

i |

\

|

be dismissed. Additional research is needed to define those conditions under

‘which PR provides a reliable measure of corrosion behavior. Lack of accurate

Iafel data in the present study prevented resolutioq of this question.
The acidification of the glycol solutions to pH values below 5
|

after only 300 to 400 hours of exposure at 100 C is the result of felatively

rapid degradatioﬁ of these solutions. Acidification may also have been
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a351sted by hydrole1s of corrosion products; however, results of Task 3
research showed that ac1d1f1catlon also occurs in the absence of metals,'A
although at slower rates. .Task 3 also demonstrated. that acldlflcatlon
continued.for many hundreds of hours and, therefore, the pH values of 4+
listed in Tables'3vand 4 should not be cqn51dered the mlnlmum attalnable
by these solutions “The relatlvely rapld rates of ac1d1f1catlon of EG ‘
solutions, .the initially low pH of the PG solutlons, and the known deleter-
ious effects‘of acidic solutions on the corrdelon of alumlnum and copper
alloys underscore the advisabillty of buffering_glycol solutions adequately
to a near-neutral or mlldly alkaline pH. ‘ ‘ " .“
Corrosion potential qualltatlvely reflected the p1tt1ng behavior
of the aluminum alloys. 4 Specifically, those lnstances in which k exceeded
10 ym/hrt/3
and.fl.OO V(SCE). Values of k of 3 um/hr or less correlate WIth.Ecorr's
more positive than about -0.20 V(SCE). Thus, E may be useful as an .

corr .
indicator of loss of passivity and rapld pitting in alumlnum collectors, )

also resulted in actlve values of E . usually between -0.90

1/3

& measurement device based on this pr1nc1ple is being evaluated elsewhere
for possible use in aluminum collectors( )

The lack of effect of heat transfer on corrosion rate 1s Slgnlfl-
cant, because the maximum flux of 4730 sz is about that antlclpated in
tube-and-fin solar collectors. However, certain types of corrosion inhibi-
tors areAinfluenced by heat transfer; thus, heat transfer should be lncluded
in any laboratory study of corrosion inhibitors, unless there is evidence

showing that it exerts no significant influence.

Crevice Corrosion

~Results in Iable:lO.show that,crevice corrosiontcould be a seyere
problem with aluminumialloys,in uninhibitedlglycol solutions, especially '
those containing 50 ppm or more of chloride ion. Creéices in commercial

collectors can arise as a.result of fabrication technique,.such as at weld-
ed seams, and through assembly, suchqas at attachment goints tor hoses_and

tubing. Because of the known tendency of aluminum for crevice corrosion,



the use of corrosion inhibitors is advisable. A preferable deterrent, how-
ever, is avoidance of crevices in the collector system. .

It should not be assumed that the absence of crevice attack in
Table 10 implies absolute immunity. It is conceivable that a different
"surface tfeatment, or greater number of replicate specimens, would have
-resulted in some attack. Nevertheless, the data in Table 10 show relative
éusceptibilities. Note that in the case of 6061 alloy, PTFE-metal crevices

corroded more severely than metal-metal crevices.

Galvanic Coupling

The accelerating influence’on corrosion of galvanic coupling can
be calculated, as follows. A shift in Ecorr of the anodic member of a gal-
vanic couple by more than about 25 mV results in the measured galvanic
current béing nearly edual to the corrosion rate of the anode. Such large.
shifts were measured for couples between aluminum alloys and other metals,
3003 and 6061 aluminum alloys, and in certain other couples. Faraday's
law can be used to show that for aluminum, a corrosion current of 1 uA/cm2
corresponds to a metal recession rate of 10.9 pm/yr, based on the overall
reaction:

Al = A1 4+ 2e 2) .
and not considering the influence of alloying elements in the 3003 and 6061
alloys. Also ignored are other possible oxidation reactions that may occur
in degraded glycol solutions, as referred to earlier. If a 51 pm/yr (0.002
in/yr) corrosion rate is taken on the allowable limit, then a galvanic cur-
rent of 4.6 um/cm2 is the maximum permissible. However, the common form of
corrosion of aluminum alloys is pitting, and the current densities within
pits are much highér than the nominal value calculated over the entire
specimen area. Therefore, galvanic corrosion of almost any magnitude should
be avoided with aluminum alloys.

Galvanic couples between aluminum alloys and copper were not in-

vestigated during this research. Such couples are to be avoided at all
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gcdets, sinee prior‘e%pefience in many applications has shown that severe
pitting of the'alumihum'member occurs, primarily as a result of the high
'concentratlon of cuprlc ion and noble E orr of copper. |
- For copper, the’ calculated maximum perm1531ble corrosion current

Ajvls 4 4 uA/cmz, therefore, coupling to T444 stainless steel would not be
4adv1sable.t, A

' The 1nfluence of type of glycol on the nature of galvanic corro—
éioﬁ ﬁes, 1n some cases, quite pronounced. For example, changing from EG
lf'to PG caused a reversal in polarity of couples involving 1100/3003, 3003/

6061, and 1018/6061 and,lt caused lower galvanic currents to flow in

others.‘ Although~uninhipited PG solutions appear to offer some’advantage
Qvér EG éblutiope Qith reSpect to crevice corrosion, the presence of corro-
sion inhibitors prbbabl§ would reduce the difference between their relative

corrosivities.

CONCLUSIONS

. This researéh has provided information about corrosion in soia: .
collectof systems, pnder simulated harsh operating conditions. The following .
. ,p01nts are espec1ally 51gn1f1cant
- »"(l)& Type 444 stainless steel corroded at negllglbly

',” small rates.(less than 1 um/yr) under all expo-
p-sdre'copditions that were evaluated. It is a
promiéing elloy for use in uninhibited collector
"eystéﬁs; or in those that operate under harsh
_eondipioﬁs or with poor anticipated maintenance.
'(2) " Aluminum alloys 1100, 3003, and 6061 pitted in
N EG and,PGpselutions, but at acceptable rates
4provided the chloride concentration is kept well
below 50uppﬁ.' However, because of possible con-
;amina;fon of solutions in commercial selar col-

.. lector ‘systems, and because pitting of aluminum




(4)

- (6)

(7)

(3)

alloys is more rapid under -stagnant exposure,
the use of adequate corrosion inhibition is
strongly recommended for satisfactory perfor-

mance.

'Copper.corroded at'prohibitively'high-ratesiin

EG solutions and at near-prohibitive rates in
PG soiutions' Exclusion of dissolved oxygen
might have reduced the corrosion rates. The
impossibility of insuring oxygen-free solutions
in commercial collector systems, and the accel-
erating effects of glycol acidification on
corrosion rates, mandate the use of corrosicu
inhibitors. ' ‘

Crevice corrosion can be a severe problem with
aluminum alloys in glycol solutions. Iridbes
not’ appear to threaten the 1ntegr1ty of copper
and T444 stainless steel.

Galvanic coupling in glycol solutions can
seriously accelerate the corrosion rates of
aluminum alloys, eepecially if the other

member of the couple is much more noble.
Couples between copper and stainless steel

also should be avoided.

Aqueous glycol solutions, bothAEG and PG,

underwent ac1d1f1cat10n durlng several hundred

" hours of exposure to air at 100 C. The

resulting pH values,'ln the range of 4'Lo 5,
can accelerate corrosion rates. Therefore,
glycol solutions should be buffered and in-
hibited when used in aluminum or, copper

collectors.

PG appeared to produce somewhat smaller rates

of pitting and general corrosion on aluminum

alloys and copper.

These differences may
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become insignificant if the glycols are

properly inhibited and buffered to minimize

corrosion. _ |

(8) Polarization resistance measurements did not

accurately indicate the corrosion behavior

of T444 in glycol solutions. Its suitability

for corrosion monitoring of aluminum alloys

and copper needs additional investigation.

(9) Heat transfer rates as large as 4730 W/m2

did not substantially influence éorrosion

of aluminum alloys or copper in uninhibited

glycol solutions.
In principle, and under unrealistically ideal conditions, it would be
possible to achieve a 10 to 20 year lifetime of aluminum and copper
collectors. with uninhibited EG-and PG solutions, provided contamination
by chloride, metal ions, and oxygen is prevented, and crevice corrosion
and galvanic coupling are minimized. However, the .near—impossibility of
maintaining these conditions throughout the life of the collector system
underscores the advisability of using adequate corrosion inhibitors and
buffering capacity. The need for such inhibition is much less critical

in a T44% stainless steel systrem.
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APPENDIX

VARIATIONS OF POTENTIAL AND CURRENT WITH TIME
DURING GALVANIC COUPLING EXPERIMENTS

Figures A-1l. through A-8 show variations of uncoupled corrosion
potential and galvanic current with exposure time in aerated‘EG/ASTM water

and PG/ASTM water solutions for galvanic couples between various alloys.
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