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Sheeting Of The Highly Insulated Cold Zinc
RoofsIn A Moderate Humid Region

R Zheng' A Janssens’ J Carmeliet’ W Bogaerts® H Hens'
! Building Physics Catholic University of Leuven Belgium
2 Architecture and Urban Planning University of Gent Belgium
3 Metallurgy and Materials Engineering Catholic University of Leuven Belgium

Summary: During the last decades, with increasing concerns on energy efficiency and global
warming, the U-factor of building elements has been pushed towards low threshold values. The
trend to lower U-factor may greatly change the hygrothermal situation of traditional cold zinc
roofs. Expectedly, that change could affect the corrosion of zinc sheeting in traditional cold zinc
roofs.

In order to evaluate the hygrothermal performance and durability of well-insulated zinc roofs, a
long-range field test program is carried out since November 1996. A total of four cold zinc roofs
with high insulation quality (U<0.25 W/m%K) were constructed on the campus of KU Leuven,
Belgium. Commercial zinc sheeting of 0.65 mm thickness (VM -zinc titanium) was used.

Investigations were conducted on the corrosion of zinc sheeting of the zinc roofs. The results
showed: (1) The underside corrosion of the zinc sheeting was severe and far more serious than the
upside corrosion. (2) Pitting was the main form of corrosion of the zinc sheeting. (3) A more
perfect air-vapor tight retarder and a good ventilation of the roof cavity could not guarantee an
elimination or areduction of the underside corrosion of zinc sheeting in ventilated zinc r oofs.

Keywords: Metallic roofs, corrosion, thermal insulation

1 INTRODUCTION

Zinc roofing is common in Europe and may provide satisfactory service lives in urban atmospheres. It is usually considered to
be maintenance-free, have a long life span, and easily adaptable to various design styles ranging from traditional to modern.
The good performance of traditional zinc roofs is mainly attributed to the excellent resistance of zinc to corrosion and the
favorable micro-environment surrounding the zinc sheeting.

Traditional cold zinc roofs were constructed with low insulation quality (most of them U>0.6 W/m2/K) and good ventilation.
When carefully designed and installed, the condensation problem at the underside of zinc sheeting could be avoided or the
condensate on underside surface of the zinc sheeting could dry out quickly. The underside corrosion of the zinc sheeting was
not a serious problem. Traditional cold zinc roofs therefore performed well and served for along time. Normally, atraditional
cold zinc roof had alife span of over 30~40 yearsin industrial areas and of over 100 yearsin rural areas. In typical urban areas,
alife span of 50~60 years could be expected.

Nevertheless, in the last decades, the growing concerns about global warming and energy efficiency pushed the U-factor of
building elements towards low threshold values. This trend to lower U-factors may greatly affect the performance of zinc roofs
due to a worse hygrothermal environment surrounding the zinc sheeting. The lower U-factors in fact may result in stronger
undercooling of the zinc sheeting and in lower air temperature in the roof cavity. Thiswill decrease the removal of water vapor
from the roof cavity by ventilation, which is usually considered to be a good solution to avoid condensation at the underside of
zinc sheeting. In the worse cases, the phenomenon of undercooling may be so strong that the temperature of the zinc sheeting
may drop below the dew-point temperature of the surrounding air. This makes the surrounding air to become a moisture source
so that the effect of ventilation shifts from drying to wetting the zinc sheeting. Therefore, cold zinc roofs with high insulation
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quality may have a serious problem of corrosion at the underside of the zinc sheeting. Unfortunately, little research has been
conducted on that problem.

In order to investigate the hygrothermal performance and durability of well-insulated zinc roofs, in November 1996, a long-
range field test program was started in the VLIET test building of the Laboratory of Building Physics of the K.U.Leuven. This
paper presents some results of this field study.

2 EXPERIMENTAL DESIGN AND EXPOSURE CONDITIONS

21 Experimental design

A total of four cold zinc roofs with high insulation quality (U < 0.25 W/(m2K)) were constructed on the campus of KU
Leuven, Belgium, in 1996. The dimensions of the roofs were about 1.8 by 3 m. The roof slope was 5 %. The orientation of two
roofs was southwest (SW1c and SW2c), of the other two northeast (NE1c and NE2c). Of the four cold zinc roofs, NE2c and
SW2c had a correctly installed air-vapor retarder, the others (NE1lc and SW1c) a poorly installed air-vapor retarder. The
section of the zinc roofsis shown in Fig. 1. The details are presented in table 1. In order to simulate the installation of electrical
connections, a perforation of 47 mm in diameter through the gypsum board and the air-vapor retarder was made in the roofs
SW1c and NE1c (hereafter referred SW1c and NE1c as air-open roofs, the other two zinc roofs without a perforation being
called air-tight roofs) respectively. The perforation was located at the center of the air-open zinc roofs.
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Figure 1. The cold zinc roofs

Table1 The cross sections of the cold zinc roofs (from outside to inside)

Cold zinc roofs: air- tight (SW2c, NE2c) Cold zinc roofs: air-open (SWic, NE1c)
zinc sheeting with standing seams - zinc sheeting with standing seams
pine boarding 3/4" - pine boarding 3/4"
rafters 38" 58 mm with ventilated cavity - rafters 38" 58 mm with ventilated cavity
vapor open underlay foil - vapor open underlay foil
mineral wool 15 cm between rafters 60° 175 mm - mineral wool 15 cm between rafters 60° 175 mm
polyethylene (0.2 mm) air-vapor retarder - polyethylene (0.2 mm) air-vapor retarder with a

perforation ££47 mm

painted gypsum board - painted gypsum board with a perforation ££47 mm

2.2 Exposure conditions

The weather data were automatically recorded every ten minutes in the weather station and transported to a computer. The
main westher parameters recorded were wind speed, wind direction, solar radiation, air temperature, and relative humidity. The
temperature, relative humidity, wind speed and wind direction were measured at a height of 9 m above ground level. The
radiation was measured at the southwest edge of a paved roof. Both the inside and outside monthly average climatic
information for the exposure experiod are presented in table 2.
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Table2 Outside and inside climatic parameters during the exposure period of 28 months.

Outside Inside the house

Month Temperature Relative Solar gain Wind Temperature Relative

oc humidity (hS(l)Jrr ifztzr:)al velocity oc humidity
% m's %

Wint

Dec-96 0.7 8l 20 17 22.6 42
Jan-97 -04 83 30 1.2 22.6 43
Feb 7.3 78 438 2.9 22.5 49
Mar 8.9 81 93 16 218 56
Apr 8.6 69 164 1.6 22.3 438
May 13.7 73 208 1.6 22.6 55
Jun 16.5 74 202 15 23.3 57
Jul 17.7 80 195 1.0 234 65
Aug 21.2 76 195 11 25.6 58
Sep 14.7 80 139 0.9 22.6 62
Oct 10.5 8l 80 14 22.6 51
Nov 7.8 88 33 17 224 50
Dec 6 85 20 2.4 22.5 49
Jan-98 53 8l 27 2.6 22.5 43
Feb 6.5 80 61 15 229 42
Mar 8.3 79 80 21 229 45
Apr 9.9 8l 125 19 229 47
May 15.8 73 197 13 22.6 43
Jun 16.8 79 197 14 234 52
Jul 16.5 82 142 11 23.0 60
Aug 14.7 86 126 12 23.2 49
Sep 15.7 86 107 13 22.6 63
Oct 10.5 88 47 2.0 22.5 53
Nov 4.4 88 38 15 22.8 40
Dec 55 88 19 21 22.2 44
Jan-99 6.4 84 30 2.4 22.8 44
Feb 3.8 87 53 19 23.1 43
Mar 8.2 8l 97 19 23.0 49

2.3  Collection of zinc specimens

One large zinc specimen was taken from each zinc roof in March 1999. The dimensions of the specimens were 50 by 70 cm.
Each specimen contained a standing seam. All were visually examined on the spot. The location of the collected large zinc
specimens on the zinc roofs is shown in Fig. 2.
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Figure 2 Thelocation of the collected large zinc specimensin the cold zinc roofs (top view)

2.4  Cleaning method

In order to evaluate the corrosion type and the corrosion rate of the sheeting, some small samples were cut from the large
specimens. These small samples were cleaned chemically as proposed by ASTM Standard G1-90: Practice for Preparing,
Cleaning, and Evaluating Corrosion Test Specimens (ASTM Designation: G 1-90, 1994). The samples were first immersed in
warm (70 °C) ammonium chloride solution (10 %) for 5 minutes, rinsed in reagent water, and scrubbed with a light brush.
Then, an ultrasonic cleaning machine (BRANSON-1200) was used to remove the remaining corrosion products from the deep
pits. The above procedure was repeated two times. Removal was confirmed by examination with alow power microscope (5 to
50 " ). After the final treatment, the zinc samples were thoroughly rinsed and immediately dried.

3 CORROSION TYPE OF ZINC SHEETING

3.1 General description of distribution of corrosion products

Asshown in Fig. 3, the distribution of white corrosion products was not uniform at the underside of the zinc sheeting. It isalso
noted that there was no much apparent difference in corrosion between the air-open cold zinc roofs (SW1c and NE1c) and the
air-tight cold zinc roofs (SW2c and NE2c). Generally, in light of the distribution of the corrosion products, there existed two
typical regions on the underside of the large specimens. One region was heavily covered with white corrosion products (here
labeled type 1), the other was covered by a thin white film of corrosion products (here labeled type Il). The directiona
characteristic of rolled zinc sheeting can clearly be seen on the areas with a thin white film of corrosion products.

Roof NEl1c
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Roof NE2c Roof SW2c

Figure 3 Large zinc specimens taken from the cold zinc roofs (50" 70 cm)

Figure 4 illustrates a wood scar on the wood deck in NE1c and the appearance of the corrosion product on the zinc surface
corresponding to the scar. We believe that the underside surface of the zinc sheeting somewhat touched the wood scar due to
the sign of the scar on the zinc surface. Examining it carefully, it is found that the center area of the wood scar was a little
higher than the edge area. The height gradually reduced along the annual ring of the scar from the center to the edge. So, if the
zinc sheeting contacted the wood scar, the most possible contacting place was the center area. Making a comparison between
them, it is noted that the corrosion of the zinc sheeting corresponding to the center area of the wood scar was lighter than that
corresponding to the edge area of the wood scar. This may partly demonstrate theinfluence of the contact situation between the
zinc sheeting and the wood deck on the appearance of corrosion products on the zinc surfaces. For our cases, we may say that
the corrosion pattern on the zinc sheeting contacting the wood deck or having much small gaps between the zinc sheeting and
the wood deck took the type 11, while that in the no-contact areas took the type .

Figure5 Area of the zinc sheeting contacting a wood scar (left) and the corresponding wood scar in the wood deck
(light)

3.2 Typeof corrosion

The types of corrosion that are commonly found to occur on zinc sheeting can be divided into four groups, namely genera
corrosion, pitting corrosion, galvanic corrosion, and intergranular corrosion. Of the corrosion types, general corrosion is most
common.

Figure 6 shows the typical appearances of the underside of the zinc sheeting in the no-contacting areas after removal of the
corrosion products. Clearly, alot of big pits developed on the surface. The distribution of the pits was roughly uniform, but the
dimension had some variation. Figure 7 illustrates the typical appearance of the underside of the zinc sheeting in the contacting
areas after removal of the corrosion products. The zinc surface developed some dull appearance and the pits were very small.
The distribution of these small pits was quite uniform. The corrosion at the no-contacting areas was much more serious than
that at the contacting areas. The pits in both the no-contacting areas and contacting areas generally took a circular shape.
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Figure 6 Thetypical appearance of the underside of Figure 7 Thetypical appearance of the underside of
the zinc sheeting in the area not contacting the wood the zinc sheeting in the area contacting the wood deck
deck after removal of the corrosion products after removal of the corrosion products

For the upside of the zinc sheeting, the typical appearance after removal of the corrosion products is shown in Fig. 8. It is
obvious that numerous small pits developed over there. The distribution of the pitsis quite uniform from a macroscopic point
of view. The pits seem shallow and many of their depths might be smaller than their diameters.

Figure8 Thetypical appearance of the upside of the zinc sheeting after removal of the corrosion products

4  CORROSION RATE OF ZINC SHEETING

41 Method of evaluation

It is well know that pitting corrosion can be more serious than general dissolution attack. The growing rate of pit depth is
dependent on both the environmental and the metallurgical conditions. It isvery important to be able to determine the extent of
pitting corrosion, either in a service application where it is necessary to predict the service life of zinc roofs, or in laboratory
test programs that are used to select the best structures for zinc roofs.

In evaluating pitting corrosion, both the average corrosion rate based on mass loss and the average pit depths cannot readily be
used. The corrosion estimation based on mass loss can seriously underestimate the corrosion penetration caused by pitting. For
the corrosion estimation based on the average pit depth, there are also some problems. First, many smaller pits become too
indistinguishable to be measured due to stopping growth very soon after initiated, and second, the deeper pits are of most
practical importance.

For metallic roofs, the deepest pits will initiate leakage if they continue to propagate. Therefore, it is not the overall corrosion
rate or the number of pits that are of interest, but the deepest pits since they cause the failure of the roof. Of the available
evaluating methods, the extreme value statistical theory has been proven to be a powerful tool to analyze maximum pit depth
data. Thistheory can be used to estimate the maximum pit depth of alarge area of material on the basis of the examination of a
small portion of it. Thus, we used the statistical theory of extreme value to evaluate the corrosion rate of the zinc sheeting.

4.2  Coallection of maximum pit depths

As shown above, the corrosion situations in the contact areas and no-contact areas were quite different. Considering the quite
light extent of pitting corrosion in the contact areas, we only evaluated the extent of pitting corrosion in the no-contact areas.
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A total of ten small samples (5" 5 cm) were collected from each area under concern on the large zinc specimens. The small
samples were cleaned chemically using the method described previoudy. Five possible deepest pits on each sample were
located by examination under a low-power microscope (5 to 50 * ) and were circled with a pencil. Then, the circled pits were
measured using a powerful microscope “Quick Vision” (200 to 1000 “). A pit was centered under the objective lens at low
magnification, which was increased until the pit area, including the lips, filled most of the field of vision. The microscope was
first focused on the uncorroded surface at the lips of the pit and then on the lowest part at the bottom of the pit. The difference
between the initial and the final reading was counted as the pit depth. On a single pit, the measurement was repeated three
times and the largest value was selected as depth of the pit. Of the depths of the possible five deepest pits on each sample, the
largest one was considered to be the maximum pit depth of that sample. The measured maximum pit depths for each zinc roof
based on the ten small samples are given in table 3.

Table 3 The measured maximum pit depth of each zinc roof based on the ten small samples
Roof SWic NE1lc SW2c NE2c
Maximum depth (mm) 167 180 273 228

4.3  Typeof distribution of the maximum pit depths

Table 4 presents the results of a statistics analysis on the measured maximum pit depths. Since the maximum depths at the
upside of the zinc sheeting were too small to be located and measured, they are not considered in the analysis. As shown in
Table 4, all Fsarefar less than 0.01. This shows that the linear regression relationships between the reduced variates and the
maximum pit depths are highly significant. This can be taken as a proof that the maximum pit depths are sampled from parent
populations of the exponential type and that the infinite population of maximum pit depths follow the Gumbel distribution.

Table 4 Equations of linear regression between the reduced variates and the maximum pit depthsin the cold zinc

roofs
Roofs Equations of linear regression R square F (significance of F-test)
SWlc nca y = 0.031943*x - 3.09361 0.969 2.63E - 07
NElc nca y = 0.059071*x - 8.33586 0.954 1.21E- 06
SW2c_nca y = 0.023750*x - 4.19073 0.962 5.62E - 07
NE2c_nca y =0.042821*x - 7.96814 0.921 1.09E - 05

Note: “nca’ % no-contact areas.

4.4  Edimation of the maximum pit depth on the zinc roofs

It isinteresting to know how many maximum depth pits deeper than a specific value may exist in azinc roof. Since the number
of the maximum depth pits is area dependent, both the contact area and the no-contact area should be known for this analysis.
Nevertheless, there is some difficulty of obtaining the exact areas of the contact surface and no-contact surface for the entire
zinc roofs in practice. On the basis of the appearance of the large zinc specimens, we assumed that the ratio of the contact area
to the no-contact areawas 0.4:0.6, without regard to the very little pitsin the contact areas. Thus, the cumulative probability of
the maximum pit depths can be expressed as

® Xc- UncaQ
1- M =06 expt-e 2nca ++04 )
Nc ¢ +

& o

Where;

m % the number of maximum depth pits deeper than a specific value

N % thetotal number of small samples for each cold zinc roof.

anca @nd Uney ¥ The scale value and mode value of the distribution of the maximum pit depths in the no-contact areas

X ¥ the specific maximum depth, nm.

Rearranging the equation (1), the specific value X, that there are m maximum depth pits deeper than x. can be expressed as
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Table 5 summarizes the values of x. obtained from equation (2) for m = 1, 10, 50, and 100. It is evident that, for all casesin
guestion, the values of the pit depthsin SW2c and NE2c (the two roofs with a correctly installed air-vapor retarder) were much
larger than those in SW1c and NE1c (the two roofs with a poorly installed air-vapor retarder). This means that the maximum
pit depths in SW2c and NE2c were much deeper than those in SW1c and NELc. For the comparatively deep maximum depth
pits (i.e., m = 1 and 10), the maximum pit depths in SW1c and SW2c were deeper than those in NE1c and NE2c, respectively.

Table5 Thevalues of . in the cold zinc roofs (unit: mm) when m = 1, 10, 50, and 100.

Number of pits SWilc NElc SW2c NE2c
1 pit 321 262 479 353
10 pits 249 223 382 299
50 pits 198 196 313 262
100 pits 176 184 283 245

45 Edimation of the failure probability of the zinc roofs

Perforation of zinc sheeting is one of the most important factors in determining the service life of zinc roofs. The first
perforation, whose time and location is a matter of probability, is auseful indicator to reveal the situation of the zinc sheeting.
Itisvery important to know the probability of failure. In the following analysis, we consider the zinc sheeting to fail once there
exists a maximum depth pit deeper than the thickness of the sheeting.

The failure probability of the no-contact areas of the individual zinc roof P, may be written as

Phca =1- expg- e anca - (3)

& o
where:
Xt ¥a The thickness of zinc sheeting in microns, 650 mm.

Considering the very small pits in the contact areas, we may assume its failure probability P, to be zero. The events P, and
P, are independent. Thus, the failure probability of a cold zinc roof is given by

P.=1- expg- e anca + (4)

& o
Table 6 summarizes the failure probability of the cold zinc roofs. As seen in table 6, the failure probability in SW2c and NE2c
is obviously higher than that in SW1c and NE1c, respectively. It isalso noted that the probability of failurein SW1c and SW2c
is clearly higher than that in NE1c and NE2c, respectively.
Table 6 Failure probability of the zinc roofs
roof Swic NElc SW2c NE2c
Failure probability 2.77E-5 1.14E-10 1.70E-2 3.04E-6

5 DISCUSSION

It was expected that no severe corrosion was found on the upside of the zinc sheeting in the zinc roofs because a specific
protection layer developed there astime progresses. Thislayer contains zinc hydroxide and basic zinc salts and is called patina.
It is this layer that prevents the upside of the zinc sheeting from being seriously attacked. Although numerous very little pits
developed on the upside surface, they normally are not a big problem. Pitting corrosion in atmospheric environments has
seldom been reported as the main cause of failure of zinc sheeting. Pitting corrosion is normally induced in clean rural
environments. While the depth of the pits increases with time, the ratio of pit depth to surface-average corrosion penetration
decreases (Zhang, 1996). In an ASTM atmospheric exposure program, pits were observed on high-grade zinc and on a 1% Cu-
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zinc aloy after two years of exposure in four different environments (Showak and Dunbar, 1982; Viart, 1984). In general, the
upside pitting corrosion of the zinc sheeting may have little impact on the service life of the zinc roofs in question.

Normally, contact between zinc and hygroscopic materials, especially in moist conditions, may result in more severe corrosion.
Obviously, as shown, it was found that the underside corrosion of the zinc sheeting was more severe in the no-contact areas
than in the contact areas. This may be attributed to the strong undercooling of the sheeting.

The measured undercooling of the sheeting could be so severe that its temperature fell below the dew-point of the outdoor air
for quite along time. Due to the seams (about 5 mm) among laths in the wood deck, the ventilated air in the roof cavity might
bypass the laths and reach the underside of the zinc sheeting. So, condensation induced by ventilation could occur in those
non-contact areas during severe undercooling periods. That caused the underside corrosion of the sheeting.

For the areas contacting the wood deck or the areas with much small gaps between the sheeting and the wood, however, less
condensation might be expected because of the difficulty of ventilated air reaching those spots and because of the hygroscopic
inertia of the wood. The wood deck absorbs the little condensation if any. In these areas, the corrosion rate of the zinc sheeting
mainly depends upon the moisture content in the wood deck. Its threshold value to induce zinc corrosion is about 20 % by
weight (Building Research Establishment, 1986). Therefore, if the moisture content in awood is continuously kept below that
critical level, zinc does not suffer severe corrosion even contacting the wood. As the moisture contents in the wood deck
during the last three years of measurement generally remained lower than 20 %, it is reasonable that less corrosion at the
underside of the zinc sheeting in the wood-contact areas occurred in comparison with the no-contact areas.

It has been widely accepted that high inside air exfiltration and poor ventilation of roof cavity are the main factors resulting in
severe underside corrosion of zinc sheeting in cold roofs. The precautions against the underside corrosion of the sheeting
mainly focus on these two aspects. Dunbar and Showak (1982) proposed two basic measures to eliminate or reduce this type of
corrosion: 1. Installing agood vapor barrier underlay material under the zinc sheeting to minimize the amount of water vapor
that can permeate and condense against its underside. 2. Providing some airflow between the zinc sheeting and the underlay to
rapidly dry any moisture that does condense. In order to increase the ventilation in roof cavity, Zaher (1995) recommended that
zinc roof slopes should be more than 1 in 12, otherwise, additional venting is needed to assist the drying of the underside of
zinc sheeting.

The ventilation in the roof cavity of the cold zinc roofs in the test building has been investigated by Janssens (1997). It was
found that the relation between the ventilation rate (G, m3/m/h) and the wind speed (v, m/s) was “G = 27.8 v". This result
showed that wind could induce a good ventilation rate in the cavity of the cold zinc roofs on the test building. Obviously, that
good ventilation could not eliminate or lessen underside corrosion of the sheeting in these highly insulated cold zinc roofs. It is
found unexpectedly that the underside corrosion of the zinc sheeting in SW2c and NE2c (air-tight zinc roofs) was more severe
than that in SW1c and NE1c (air-open zinc roofs). Apparently, the low air exfiltration could not eliminate or even reduce
underside corrosion of the sheeting in these highly insulated cold zinc roofs either.

A possible reason for the unexpected results is the strong undercooling of the sheeting. Zheng et a (1999) made an
investigation on the hygrothermal behavior of the zinc roofs. The results showed that the severe undercooling of the sheeting
could make the surrounding air to become a moisture source so that the effect of ventilation was changed from drying to
wetting the underside of the sheeting. Under that situation, more air exfiltration combined with good ventilation of the cavity
might increase the thickness of water layer at the underside of the sheeting. It iswell known that the thickness of water film on
zinc surface is one of the most important factors affecting the corrosion rate of zinc in atmosphere. Thicker water film
decreases the diffusion rate of oxygen. In this situation, the thicker the water layer, the lower the corrosion rate was.

As shown, the traditional precautions (low air exfiltration and good ventilation in cavity) seem not to work effectively in cold
zinc roofs with high insulation quality. New techniques and roofing systems should be developed, if we like to guarantee a
significant reduction of underside corrosion in zinc roofs with high insulation quality.

6 CONCLUSIONS

A field investigation was performed to evaluate the corrosion type and corrosion rate of the zinc sheeting in the highly
insulated cold zinc roofs in a moderate humid region. The following main conclusions were drawn:

1.  Numerous very little pits developed on the upside of the zinc sheeting. The distribution of the pits was quite uniform. The
upside of the zinc sheeting corroded very little.

At the underside of the zinc sheeting, pitting corrosion was the prevailing corrosion type.

3. There existed two different forms of underside corrosion of the zinc sheeting. In the areas where contacted the wood
deck, its surface developed some extent of dull appearance and only somewhat pitting corrosion occurred; while in the
areas not contacting the wood deck, numerous large and deep pits devel oped.

4. Thelow air exfiltration and the good ventilation in the roof cavity could not guarantee an elimination or even reduction of
the underside corrosion of the sheseting.

5.  Generally speaking, the corrosion of the sheeting was very severe in the highly insulated cold zinc roofs after being
exposed for only three years.
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6. New techniques and roofing systems should be developed for highly insulated zinc roofs in moderate humid regions.
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