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The aim of this study is to demonstrate differences in metal release rates of Cr, Ni, and Fe from pure metals and stainless steels 
alloys (grades 304 and 316) exposed to identical simulated rain events. Panels were exposed to two 8 h continuous rain periods, 
separated by a 40 day dry period, in a specially designed rain chamber which permits artificial rain of known composition to be 
introduced at a given intensity. The study is intended to provide further knowledge of the behavior of stainless steels exposed to 
atmospheric corrosion and to show the discrepancy between estimated release rates based on nominal alloy composition and 
actual, mea~ured release rates. Release rates of Fe and Ni were found to be substantially higher from the pure metals than from the 
stainless steels due to the presence of a chromium-rich surface film. The release rate of Cr was similar for stainless steel alloys and 
pure chromium. X-ray photoelectron spectroscopy investigations after single-rain events showed chromium to be enriched in the 
surface film upon rain exposure resulting in decreasing release rates of Cr, Ni, and Fe. Comparison between actual release rates of 
alloy constituents and calculated rates based on the pure metals and the nominal alloy composition, showed calculated data to 
substantially overestimate release rates of Ni and Fe. 
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The unique combination of mechanical properties and high cor
rosion resistance makes austenitic grades of stainless steel suitable 
and commonly used materials in external applications such as 
bridges, facades, and roofing. Traditionally, type 304 stainless steels 
(typically 18Cr8Ni) have mainly been used for roofs and exterior 
facades in urban environments and the more highly alloyed type 316 
stainless steels (typically 18Crl0Ni2Mo) are used mainly in marine 
environments but also in traffic and highly polluted industrial envi
ronments. The most common stainless steels used today for roofin~ 
applications in these environments are type 316 stainless steels. 
Even though the corrosion resistance of stainless steels is well 
known, information of corrosion rates and in particular, on metal 
release rates is very limited. Reported corrosion rates of stainless 
steels, 0.1 mg m - 2 y - 1 for grade 3162 and 0.2-0.5 mg m - 2 y - 1 for 
grade 304,2 are orders of magnitude lower than those of other tradi
tional structural materials such as copper, zinc, and carbon steel. 
Most of the atmospheric corrosion studies on steels were performed 
over several years (5 to 32 years) in polluted and coastal areas and 
illustrate clearly the importance of chromium, nickel, and molybde
num to the corrosion resistance of stainless steels.3-6 Recently, sur
face finish has also been shown to strongly influence the corrosion 
resistance.7 

Total release rates of alloy constituents from stainless steels in 
different corrosive test solutions have been reported to range from 
less than 0.3 to 3.4 X 104 mg m- 2 y- 1. l.S-to However, data on re
lease rates of individual alloy constituents from stainless steel ex
posed to outdoor conditions are scarce, 11 and comparisons between 
release rates from alloys and the pure metals in identical exposure 
conditions seems to be unavailable. As a result, estimates of metal 
release rates from alloys have so far erroneously been based either 
on corrosion rates of stainless steel or, if available, on release rate 
data from pure metals multiplied by the nominal fraction of the 
metal in the alloy composition. 

tigations in a specially designed chamber which permits artificial 
rain of known composition to be introduced at a given rain compo
sition and intensity. In addition, the gradual development of more 
corrosion resistant surface films on the alloys during single rain 
events is illustrated by means of X-ray photoelectron spectroscopy 
(XPS). 

Experimental 

Materials.-Five different materials were investigated within 
this study, two stainless steels (grade 304 and 316), pure nickel, pure 
electrolytic chromium, and pure iron. The stainless steels were sup
plied by Outokumpu Stainless, Sweden, with 2B surface conditions, 
i.e., cold-rolled, heat-treated, pickled, and skin-passed. These grades 
and surface condition are representative for external applications on 
buildings. Nickel and electrolytic chromium were supplied by Euro
fer, Belgium, and iron by Stena Stal AB, Slovak Republic. Alloy and 
metal compositions are given in Table I. The iron and nickel samples 
were cold rolled while that of the chromium samples was very 
coarse and uneven with large grain sizes. 

Duplicate panels, I 00 cm2 (approximately 20 cm2 for chromium 
due to production difficulties), were exposed both as-received, i.e., 
2B surface state, and abraded (1200P SiC-paper). Abraded panels 
were prepared in order to obtain more uniform surface conditions to 
increase reproducibility. The exposure of abraded panels was pre
ceded by an ageing period of approximately 72 h in a desiccator. 

All panels were ultrasonically cleaned in acetone and isopropyl 
alcohol before exposure. Each as-received panel was ultrasonically 
cleaned in acetone (3 min) and isopropyl alcohol (3 min). Prior to 
exposure, the abraded panels were ultrasonically immersed for 6 
min in acetone and isopropyl alcohol, respectively, sprayed with 

Table I. Composition of stainless steel alloys and the pure metals 
(wt %). 

Grade c N Cr Ni Mo s Fe ----.j:::..= 
0',-

The aim of this study is to demonstrate differences in release 
rates of chromium, nickel, and iron from stainless steel alloys and 
from the pure metals exposed under identical conditions, and to 
illustrate that, for stainless steels, there are large discrepancies be
tween measured data and data calculated on the basis of the nominal 
composition of the alloys. All results are based on laboratory inves-

ss 304 0.04 0.06 18.3 8.7 <0.002 o= Balance oo = 
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Figure L Schematic illustration of the rain-simulating chamber (left) and 
the experimental setup (right). 

ethanol and dried with nitrogen gas. This procedure was used to 
ensure the removal of any particles remaining from abrasion. 

The back of the panels was covered with adhesive tape (Nitto, 
heavy duty pipe wrap vinyl tape 51) and the edges covered with 
beeswax in order to obtain a well-defined single-sided surface area. 
The panels were then mounted on Plexiglas fixtures inclined 45° 
ti·om horizontal, and placed in a rain-simulating chamber, Fig. I. All 
panels were exposed to two consecutive 8 h rain episodes separated 
by a 40 day dry period. The purpose of this procedure was to expose 
the panels to simulated rain events representative of outdoor condi
tions and to illustrate the etTect of dry periods. 

Rain simulation.-- The composition of the miificial rain, given in 
Table II, was obtained by mixing NH4N01 , Na2S04 , K2S04. 

MgS04 · 7 H20, CaCI2 · 2 H20, and H2S04 , all analytical grade, with 
ultrapure water ( 18.2 Mf! cm 1

). 

The composition and pH of the miificial rain are average values 

representative of the central and southern paii ofSweden. 12 A pH of 
4.4 is also representative of European conditions, Fig. 2u The rain 
intensity was set at 4 mm/h, since typically more than 80% of all 
rain events during a year in Sweden show an intensity of less than 6 
mm/h, Fig. 3. 12 Rain chamber simulations with atiificial rain 
have previously been shown to successfully reproduce outdoor 
conditions. 14 

Runotl' water was collected at 30 min and I h and then every 
hour during the 8 h exposure. The volume and pH of runoff water 
from each panel were measured, and the water poured into acid
cleaned polyethylene bottles and adjusted with ultrapure HN01 to a 
pH below 2. The panels were then dried in the open air and left for 
40 days in a desiccator at a relative humidity below 20% before 
being exposed again to another identical rain event. 

Metal analysis.--The total concentration of iron, nickel, and 
chromium in the tunoll' water was analyzed using inductively 
coupled plasma/mass spectrometer-dynamic reaction cell, ICP/MS
DRC (Perkin Elmer Elan 61 00). The detection levels were 2, 0. I, 
and 0.07 J.Lg/L for iron, chromium, and nickel, respectively. In ad
dition. released concentrations of molybdenum (detection limit 0. I 
J.Lg/L) were continuously measured from the stainless steels. All 
metal analyses were pertonned at the Environmental Research 
Laboratory, Swedish University of Agricultural Sciences, Umea, 
Sweden. The metal release (in ng cm- 2 h- 1 

) rates were calculated 

Table II. Composition of artificial rain. 

so.'· -s 
(mg/L) 

1.17 

Cl
(mg/L) 

0.36 

NO,--N 
(mgiL) 

0.56 0.56 

(u=...llO) 

3 7 

Figure 2. Distribution of annual mean rain pH for both urban and rural 
environments of Europe (from Ref. 13). Data are based on 3 10 observations 
between 1987 and 1995. 

from metal concentrations, sampling volumes, and surface m·ea. All 
results are given as mean values and standard deviations of duplicate 
samples. 

Surface analysis.-Analysis of changes in composition of the 
outennost surface layer of as-received and abraded stainless steel 
panels (grades 304 and 316) were pertonned after exposure to a 
single rain event, using X-ray photoelectron spectroscopy (XPS, 
Kratos AXIS HS). Samples were exposed and analyzed according to 
the same time-schedule as for the metal release investigations. Wide 
scans and detailed scans (pass energy of 80 eV) of Cr 2p, Ni 2p, Fe 
2p, Mo 3d, C Is, 0 Is were obtained with a monochromatic AI Ka 
X-ray source (1486.6 eV) operated at 300 W (15 kV/20 mA). The 
area of analysis was approximately 0.4 mm2. Sensitivity factors (Cr 
2p-2.3 and Fe 2p-3.0) supplied by Kratos were used to investigate 
the chromium content of the sutface film defined as [Cr0 x/(Cr0 x 
+ Feox)]. 

Results and Discussion 

Previous investigations on the release of Cr. Ni, and Fe from 
stainless steel alloys of two different grades (304 and 316) have 
shown the metal release rate into rainwater to be nonproportional to 
the corresponding metal content of the stainless steel; Fe was shown 
to be preferentially released from the surface of both grade 304 and 
grade 316 stainless steels9

•
11 Cr and Ni were also released from both 

grades, but at rates orders of magnitude lower than Fe. The follow
ing paragraphs show consistent results with previous measurements 
and emphasize kinetic aspects of metal release and the ditl'erence in 
release rates of Cr, Ni, and Fe from pure metals and stainless steel 
alloys. In addition, release rates of Mo from stainless steel are dis
cussed. 

Comparison between release rates of alloy constituents from 
grade 304 and grade 316 stainless steels.--Results ti·01n this study 
for the stainless steels are consistent with previous field and labora
tmy findings 14 showing slightly higher release rates of Cr and Ni 
from both as-received and abraded grade 316 compared to grade 
304. The difference is illustrated for as-received surtaces in Fig. 4 
(left) after an 8 h continuous rain event. Similar release rates of Fe 
were detennined for grades 304 and 316, also in agreement with 
field data. 14 Abraded panels show fhe same tendency tor the two 
grades but with significantly higher release rates, Fig. 4 (right). The 

Na+ 
(mg/L) 

0.23 

K+ 
(mg/L) 

0.12 

Mg2+ 
(mg/L) 

0.12 

CaZ+ 
(mg/L) 

0.20 

pH 

4.4 



Journal(){ The Electrochemical Society, 152 (I) B23-B29 (2005) B25 

~ 
....... 
~ 30 500/b < 2 mmlh = = 80%<6mmlh 0 ... 
= 20 -~ 

..... 
C! 

= 

lfn~ 
C! 

10 ::::1 e 
)i;, 

0 5 10 15 20 25 
Precipitatian intensity I mmh-1 

Figure 3. Representative distribution of rainfall intensities during a year in 
Sweden (from Ref. 12). 

reason for the large discrepancy in release rates between as-received 
and abraded surfaces is explained by a significant reduction in the 
thickness and baJTier prope11ies of the surface oxide layer after abra
sion. Similar findings were observed for all sampling periods and 
both surface conditions. This is discussed in the following para
graphs. 

Total release rates o(O; Ni, and Fe from stainless steel and pure 
metals-kinetic aspects.~ Total release rates of Cr. Ni, and Fe were 
continuously measured ti·om stainless steel alloys and from pure 
metals during two consecutive 8 h rain episodes separated by a 40 
day d1y period. All results are compiled in Fig. 5 for (a) Cr, (b) Ni, 
and (c) Fe for the as-received surface conditions. 

All as-received surfaces, except pure iron, show higher metal 
release rates during the initial rain volume (first flush) impinging the 
surfaces, followed by lower and more constant release rates during 
subsequent rain volumes. Both rain events show similar behavior, 
although release rates of the second rain event, particularly initially, 
were much lower (except for pure iron). Average release rates ofCr, 
Ni, and Fe are compiled in Table Ill for the first flush volume (0-8 
mm rain) and subsequent rain volumes (8-32 mm) for each material 
and rain event. 

In contrast to the other materials, as-received iron shows the 
metal release rate to increase without reaching steady state during a 
rain event. This is explained by poor protective prope11ies of the 
initial surface oxide on iron and its gradual formation into volumi
nous con·osion products that are only weakly adhercnt16 These 
phases provide a poor barrier for rainwater to reach the iron surface 

and promote the con'Osion and the release process. This behavior is 
in contrast to the fonnation of relatively corrosion resistant surface 
oxides on pure chromium, nickel, and stainless steel (see below). 

Abraded alloy surfaces, exemplified by grade 304 in Fig. 6, show 
an increasing release rate of Cr and Fe during the first couple of 
hours of the first exposure, followed by a decreasing rate during the 
subsequent rain volume flushing the surface. 

This behavior is related to the gradual fonnation of a more 
corrosion-resistant surface film triggered by the rain event. The pas
sive film on stainless steel can be said to consist of an inner banier 
film enriched in chromium oxides and iron oxides but of low nickel 
content, and an outer hydroxide film, mainly Cr(OH), 17 see sche
matic illustrated in Fig. 7. Nickel is primaril~ thought to be enriched 
in a thin alloy layer below the passive film. 1 The presence of nickel 
and iron in the alloy surface layer adjacent to the baJTier layer sug
gests the presence of defects in the baJTier layer. which facilitates 
transport of these metals through the film. 

The gradual formation of a chromium-enriched passive film is 
illustrated in Fig. 8 with XPS data for abraded surfaces of grade 304 
and 316 during a single rain event. The results clearly show an 
enrichment of chromium in the passive surface film upon rain expo
sure, with decreasing release rates of Cr, Ni, and Fe as a result, cf. 
Fig. 6. The enrichment in chromium is somewhat taster tor grade 
316 compared to grade 304. These results are in agreement with 
findings in the literature showing the presence of molybdenum, as in 
grade 316, to enhance the selective dissolution of iron and stimulate 
the accumulation of chromium in the passive film 9 

No nickel or molybdenum could be seen in the outermost surface 
layer with XPS. These surface observations are also in agreement 
with literature observations ll.lfi and consistent with findings that the 
conosion resistance in general increases with chromium content of 
the passive film 7 

Additional infonnation obtained within this investigation was the 
release rates of Mo from the stainless steel alloys, illustrated in Fig. 
9 for as-received stainless steel grade 316. No measurements were 
pertonned on pure molybdenum. 

Mo release from grade 316 shows a similar behavior as Cr, Ni, 
and Fe with an initially high release rate after which the rate be
comes much lower and fairly constant (0.16 ng cm- 2 h- 1 during the 
first rain event). It is interesting to note that the release rate of Mo is 
of the same order of magnitude as release rates of Cr and Ni even 
though its percentage content in the alloy is much lower, cf. Table I 
XPS did not reveal the presence of molybdenum in the outennost 
surface layer which is in agreement with literature findings, showing 
molybdenum to be enriched in an inner oxide layer18 

Total release rates o(Cr, Ni. and Fe from stainless steel and pure 
metals, a comparison.-· A comparison in momentary metal release 
rates ti·om as-received alloys (grades 304 and 316) and pure metals 
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Figure 4. Hourly release rates of Cr. Ni, and Fe ti·om as-received (left) and abraded (right) 304 and 316 stainless steel after an 8 h continuous rain event (pH 
4.3. intensity 4 mm/h). 
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Figure 5. Release rates of (a) Cr, (b) Ni. and (c) Fe from as-received stainless steel (grades 304 and 316) and pure metals during two consecutive 8 h rain events 
(pH 4.4. intensity= 4 mm h- 1

) separated by a 40 day dry period (labeled • in the diagrams). Note that the rates of pure Ni and Fe have been divided by 20 
and 15. respectively. 

was made after 2 h (the rate between I and 2 h, cf. Fig. 10) and 8 h 
(the rate between 7 and 8 h, cf. Fig. 5) of the first rain event. The 
results are illustrated in Fig. I 0 tor Cr. Ni. and Fe, respectively. 

Consistent with previous findings, grade 316 shows somewhat 
higher release rates of Cr compared to grade 304, Fig. I 0, top. In 
addition, pure chromium shows somewhat lower release rates than 
the alloys. This is probably explained by a denser and less defect
rich chromium oxide/hydroxide film on the pure metal surface com
pared to the alloy surfaces. The low release rates of Cr and the 
relatively small variation in results between the alloys and the pure 
metals is due to the presence of a passive chromium oxide/ 
hydroxide film on all surfaces, acting as a barrier for corrosion and 
metal release. 18 

More Ni is released from grade 316 compared to grade 304, Fig. 
10, middle, in agreement with previous findings14 Ni is preferen
tially released compared to Cr, (Fig. I 0, top) but in different propor
tions compared to the bulk alloy composition (Table 1). In addition, 
substantially more Ni is released from the pure nickel sutiace com
pared to the alloyed surfaces. This may be explained by the forma
tion of highly defective surface films on nickel that are easily 
removed. 18 In the case of the stainless steel. Ni has to pass through 
the passive film that acts as a ban·ier tor metal release, hence reduc
ing the Ni release rate. 

For Fe, no large differences in release rates can be seen between 
the two stainless steel grades, Fig. 10, bottom. This is consistent 
with field data. 14 Substantially more Fe is released from the pure 

Table III. Mean release rates (ng cm-2 h- 1) ofCr, Ni, and Fe for as-received stainless steel grades (304 and 316) and pure metals (Fe, Cr, .'li) 
during first flush (f) and steady-state (s) conditions of two consecutive rain events. 

Release rate Cr Cr Ni 
(ngcm- 2 h- 1) Rain I Rain 2 Rain I 

Grade 304 f: 1.3 ± 0.53 f: 0.2 ± O.D3 f:IJ ± 0.29 
s: 0.2 ± 0.01 s: 0.08 ± 0.04 s: 0.15 ± 0.03 

Grade 316 f: 1.9 ± 0.46 f: 0.2 ± 0.03 f: 10 ± 1.1 
s: 0.33 ± 0.0 I s: 0.11 ± 0.02 s: 0.21 ± 0.01 

Cr f: 1.5 ± 0.70 f: 0.05 ± 0.01 
s: 0.24 ± 0.07 s: 0.03 ± 0.003 

Ni f: 121 ± 3.3 
s: 20 ± 2.0 

Fe 

f: first flush (0-8 mm). 
s: steady state (8-32 mm). 
- means below detection I imit. 

Ni 
Rain 2 

f: 0.2 ± 0.03 
s: 0.06 ± 0.0 I 
f: 0.28 ± 0.02 
s: 0.08 ± 0.01 

f: 15 ± 0.41 
s: 13 ± 2.6 

Fe 
Rain I 

f: 34 ± 2.1 
s: 5.7 ± 1.7 
f: 44 ± 4.5 

s: 4.4 ± 0.44 

f: 617 ± 76.9 
s: 

Fe 
Rain 2 

f: 6.8 ± 3.0 
s: 2.3 ± 0.09 
f: 6.3 ± 0.48 
s: 1.2 ± 1.1 

f: 766 ± 93.4 
s: 
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Figure 6. Release rate of Cr (top), Ni (middle). and Fe (bottom) from 
abraded stainless steel grade 304 during two consecutive 8 h rain events (pH 
4.4. intensity = 4 mm h-I) separated by a 40 day dry period (labeled • in 
the figure). 

iron surface compared to the alloyed surfaces. This is related to the 
poor protective propetties of surface oxides. whereas, in stainless 
steel, similarly to nickel iron, has to pass through the passive fihn. 15 

Since the surface film of stainless steels consists of both chromium 
and iron oxides, iron is also released from the passive film. 

defects aod pores 

Figure 7. Schemalic of surface layers on stainless steel. 

0.5 !1,5 

0,4 !1,4 
balk _, 

t 0,3 0,3 ratio 

it 0,2 0,1 ··•· / .... 
'-' l OJ 0,1 

I) II 
0 'rl 2 5 s 

Rmdura&nlh 

Figure 8. Chromium content of the outermost surface film of freshly 
abraded grade 304 (left) and 316 (right) (aged for 24 h before exposure) 
during a rain event. Chromium and iron represent the metals in their oxidized 
state as measured by means of XPS. 

Results show the release rates of Cr, Ni, and Fe to be non
proportional to the corresponding nominal alloy composition of the 
stainless steel, in agreement with previous investigations9

•
11 This is 

illustrated in Table IV for the steady-state condition during the first 
rain event (see Table lll). Similar findings are seen for the second 
rain event. 

In all, the current investigation shows the release rates of Ni and 
Fe from stainless steel alloys (grades 304 and 316) to be quantita
tively ditfererit trom those observed with the pure metals, but similar 
for Cr. The results are illustrated in Fig. II as average release rates 
of Cr. Ni, and Fe from as received alloys and pure metals after 8 h 
of continuous rain exposure. 

The similarity in results for pure chromium and stainless steel is 
related to the presence of a chromium-enriched passive film on both 
surfaces. The passive film on stainless steel reduces the release rates 
of Ni and Fe compared to the release rates tl·om the pure metals. The 
results are summarized in Table V and show significantly higher 
release rates of iron and nickel from the pure metals than from the 
stainless steel alloys. The release of chromium, however, is slightly 
lower from pure chromium compared to stainless steel. 

Table V also includes calculated release rates of Cr. Ni, and Fe 
from stainless steel based on the nominal alloy content of each metal 
multiplied by the pure metal release rates. This calculation has been 
pertonned to illustrate the large discrepancy in such calculated re
lease rates when compared with measured release rates of alloy 
constituents fl·om stainless steel. Measured release rates of N i and 
Fe from stainless steel are orders of magnitude lower (much less, see 
Table V) compared to calculated rates based on the nominal alloy 
composition and release rates from pure nickel and iron. Similar 
deliberations for chromium show slightly higher measured rates 
(greater than, see Table V) compared to calculated rates. As-
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Figure 9. Release rate of Mo trom as-received stainless steel grade 3 16 
during two consecutive 8 h rain events (pH 4.4, intensity = 4 mm h-I) sepa
rated by a 40 day dry period (labeled • in the figure). 
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Table IV. Massbalance calculations based on release rates of 
chromium, nickel, and iron from stainless steel grades 304 and 
316, compared to corresponding hulk alloy composition. 

Grade 

304 
316 

Cr/(Cr+Ni+Fe) 
(Bulk wt %) (%) 

18.3 
17.2 

3.3 
6.7 

Ni/(Cr+Ni+Fe) 
(Bulk wt %) (%) 

8.7 
10.9 

2.5 
4.3 

Fe/(Cr+Ni+Fe) 
(Bulk wt %) (%) 

73 
71.9 

94.2 
89.1 

received and abraded panels show similar differences between mea
sured and calculated rates. 

Calculations based on nominal alloy composition and release 
rates from pure metals are commonly used within the framework of 
environmental risk assessment of metallic alloys and are. clearly, 
highly erroneous in the case of stainless steels. 

The results emphasize the importance of using measured data in 
estimations of the diffuse dispersion of metal alloy constituents from 
stainless steel used for extemal applications . 

Conclusions 

Two grades of stainless steels and the corresponding pure metals 
were identically exposed to artificial rain in a rain chamber to ex
amine the differences in metal release rates fi·om stainless steel al
loys and the pure metals. The following conclusions were drawn. 

The release rates of Fe and Ni from pure iron and nickel were 
found to be substantially higher than the release rate from the stain
less steel alloys. 

The release rate of Cr was similar for the alloys and pure chro
mium due to the presence of a chromium-rich surface film. 

XPS analysis showed chromium to be enriched in the outennost 
surface film upon exposure to rain with decreasing release rates of 
Cr, Ni. and Fe as a result. The chromium enrichment was somewhat 
faster for grade 316 compared to 304. 

Calculated release rates, based on nominal alloy compositions 
and release rates from pure metals, substantially overestimate actual 
release rates. 

Measured data should be used when estimating metal release 
from stainless steel alloys. Data should not be used for environmen
tal risk assessment without considering the chemical speciation of 
released metals and dilution effect upon environmental entry . 
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Table V. Compilation of hourly measured metal release data [after 2 and 8 h of continuous rain on as-received pure metals and stainless steel 
(grade 304 and 316)] and the difference in data when using the nominal alloy composition to calculate metal release rates from pure metal 
release data. 

304 316 
18.3%Cr. 8. 7%Ni. 73%Fe 17.2%Cr. !0.9%Ni. 71.9%Fe Cr Ni Fe 

Metal/ 
exposure ng/cm2 h- 1 nglcm2 h- 1 ng/cm2 h-I ng/cm2 h- 1 ng/cm2 h- 1 ng/cm2 h~-l ng/cm2 h- 1 

time'1 measured calculated" measured calculated" measured measured measured 

C'r2h 0.42:!:: 0.17 > 0.06 :!:: 0.02 0.61 :!:: 0.05 > 0.06 :!:: 0.02 0.34 :!:: 0.12 
CrRh 0.16 :!:: 0.05 > 0.03 :!:: 0.0 I 0.24 :!:: 0.03 > 0.02 :!:: 0.01 0.15:!:: 0.07 
Ni2h 0.33 :!:: 0.00 <;:: 4.4 :!:: 0.6 0.80 :!:: 0.12 <;:: 5.5 :!:: 0.8 50.3 :!:: 7.4 
Nixh 0.07 :!:: 0.01 <;:: 1.2:!:: 0.1 0.13:!:: 0.02 <;:: 1.5 :!:: 0.1 13.5 :!:: 0.8 
Fe2h 10.5 :!:: 0.2 <;:: 406 :!:: 8 8.6 :!:: 0.5 <;:: 400 :!:: 8 557:!: 10 
Fexh 3.4 :!:: 1.0 <;:: 1177 :!:: 40 3.2 :!:: 0.6 <;:: 1159 :!:: 39 1612:!: 55 

"Calculated as the alloy percentage times the pure metal release rate. 
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Cr Ni 

alloys 

Fe Cr Ni Fe 
pure metals 

Figure I I. Metal release rates of Cr. Ni. and Fe from as-received alloys 
(average value of grades 304 and 316) and pure metals after 8 h of continu
ous rain (pH 4.4, intensity 4 mm/h). 
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