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THERMAL BARRIER COATINGS FOR SHIPBOARD PROTECTION

The use of aluminum for ship structural members is dictated by design
criteria involving strength-to-weight ratios. There are however, significant
deficiencies associated with the use of this light metal: a low melting point

(659°C) and a high thermal conductivity (2.5 Wcm-lK-l). For comparison

1 -1

purposes, mild steel melts at 1427°C and has a thermal conductivity of 0.6 Wem K .
Aluminum mélts in fire situations, creating hazards to personnel and equipment.

In addition, the heat can seriously degrade the mechanical properties of aluminum
alloys even during brief thermal excursions above about 200°C.

It would, therefore, be of considerable advantage to protect the aluminum
structure, and this was carried out by thermal spraying of a cermet coating.
Oxide coatings are well known as thermal barriers {1] and many investigators
have studied their performance when deposited onto superalloy turbine blades.
The superalloys have coefficients of thermal expansion (&) from 10 to 19 X 10'_6°C-1
and it has been found [2] that the low expansion materials (e.g., Y|Y - a Ni base
alloy) exhibit the best thermal cycling lifetimes. In fact, much discussion [3,4]
has been generated about the role of expansivity differences between the coating
and substrate; and for aluminum this broblem will be accentuated by a high a

(23 X 1076e¢7t

).

The main problems addressed in this work are the ability for a cermet coating
to perform as a fire barrier. Also of importance will be the corrosion character-
istics and mechanical properties of the cermet when attached to the substrate.
Thus, there was no requirement for the coating to be subjected to repeated cycling

(although this may be a desirable property) since in practice the aluminum struc-

ture would be reconditioned. The most important property of the coating is in
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de - .ying (or preventing) failure of the aluminum substrate. Much attention was
also paid to simple manufacture of the coatings and to this end a cermet formu-
lation was developed rather than - duplex or graded coating.

EXPERIMENTS

Thermal Tests

Specimen fabrication was carried out by spraying the premixed powders

(0, 20, 40, 80, 100% Al and 0, 40, 50, 60, 70Z ZrO, with the balance being

2%3 2
Ni-Al) with a Metco 5P Thermospray gun (parameters shown in Table 1) onto grit
blasted aluminum (alloy 6061 T651) panels (152 X 100 X 9.5 mm = 6 X 4 X 3/8 inches).
All of the coatings were laid down to a thickness of 0.25 mm (= 0.010 inches) in
order that valid comparisons of the coating conductivities could be made.

A flame test was devised to examine the thermal properties of the coating
and substrate. The heat source used as a "standard" flame was chosen for its
convenience - i.e., it was the Metco 5P Thermospray gun with 5P7-G nozzle which
was held 152 mm (6 inches) from the center of the substrate. As a general
comment, it should be noted that a standard flame does not exist in any real
situation, and thus the flame used in these tests only allowed the relafive
conductive properties of the cermet coatings to be established. The substrate
was instrumented with two thermocouples which were placed into holes (2 mm
diameter and 3 mm deep) drilled into the back of the substrate at positions
corresponding to the torch center and 50 mm off-center. Therefore, the tempera-
ture vs time history of the substrate was recorded to study the insulative
E effect of the coating on the substrate conductivity.
;: The above techniques enabled the coatings to be distinguished with respect
" to their thermal barrier properties. In conjunction with these 'quantitative

P tests" some destructive measurements were also performed. Thus, the panels

) were subjected to tests where the time for melting of the substrate indicated
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its fire susceptibility. The former 'non-destructive" tests allowed several
measurements so that the reproducibility of the particular test technique could
be ascertained.

Corrosion Tests

8] Salt water immersion tests similar to ASTM standard G34-72 [5] but using
K a standard salt solution [6] were carried out on the cermet coatings. The
initial results were largely negative and it is expedient to discuss and conclude

them in this section.

P

Active corrosion resulted in coating undermining and 1ift off. The metal

L~

) alloy portion of the cermet coating, Ni-Al, was formed by cladding one metal

with the other, mixing this composite with the oxide, and spraying. Clearly,
r free aluminum formed within the coating, giviﬁg rise to an active electrochemical
couple between the free aluminum and nickel. The problem of corrosion was solved .
' by employing a Ni~Al alloy powder atomized from the melt and having no free
aluminum. No electrochemical cell developed on placing such a coating within
electrolyte.

Mechanical Tests

A major acceptance criterion for the cermet coating, other than its fire
barrier capabilities, is its adhesion to the substrate under bending loads.
. The residual stress at the coating surface (under normal spraying procedures)
' is tensile (7] so bending tests were designed to maximize this stress and, there-
fore, the coatings were tested in tension. The substrate dimensions were approxi-
mately 15.2 X 2.5 X 0.95 cm (6 X 1 X 3/8 inches), and these were sprayed with

cermet coatings of 50 Zr02. 40 Zro 40 Al1,0, and 20 A1203 (in weight percent

2’ 273
with the balance being NiAl) to a thickness of 0.5 mm (0.020 inches). The
N specimens were tested with the coatings in tension in a 3 point bending rig

having a span of 10 cm (4 inches). It should be noted that the "3 point"
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arrangement gives rise to more severe deformation stresses than does the 4 point

bending mode, which in turn is best used when only "pure" bending stresses
are required. In fact, the 3 point bend test resulted in a plastic hinge
which greatly facilitated the controlled imposition of plastic strains to the
aluminum substrate.

Two series of tests were carried out. In all tests the vertical displace-
ment at the center of the specimen was measured with an extensometer set to a
magnification ratio of 25; i.e., 1 mm of crosshead displacement corresponded
to 25 mm of chart movement. This enabled the plastic deformation of the aluminum
plate to be precisely measured. In the first series of tests, the coated plates
were incremently bent and the coating visually checked so that any cracking
could be observed. The second series of tests were car?ied out in much the same
manner except that the coatings were also monitored through acoustic emission (AE).
It was thus possible to examine the coating integrity (adhesion problems or crack-
ing behavior) in situ; and this significantly expediated the testing procedure.

RESULTS

Thermal Tests - non-destructive measurements

The heating-up curves of the aluminum plate are contrasted to those of the
zirconia and alumina cermet coatings in Fig. 1. From these graphs it is obvious
that:

(1) The heating-up rate at the periphery of the plate is less than those

areas near the plate center;

(2) Thermocouples placed at corresponding positions on samples with dif-

ferent coatings exhibit different heating rates.
It was thus observed that, at temperatures less than approximately 500°C (for
the center) and less than approximately 370°C (for the rim), the heating rate

of the coated substrate was not substantially different from that of the bare
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aluminum panel. However, when the center temperature was about 600°C and the
rim about 500°C, the coatings exhibited a fire barrier effect, and would delay
thermal failure of the coating-substrate combination.

The greatest influence on the heat flux pattern for both cermet coatings
was approximately within the 20-50 Wt.% ceramic range. The center temperatures

of the A1203 and ZrO2 cermet coatings were similar, whereas the A120 coatings

3
exhibited a greater time to attain a 500°C rim temperature than did the corre-

sponding 2r0, coatings.

2
One advantage of using a non-destructive test method is that many readings
can be performed on one set of specimens. A summary of three consecutive heating

cycles for the A120 cermet (at the center position for temperatures of 400,

3
500 and 600°C) is shown in Fig. 2. It can be seen that the heating times to
reach a set temperature increase with the number of heating cycles. In fact,
for the 80%Z and 1007 A1203 cermets, the coating exhibited a blister-type of
defect which was generally followed by cracking of the coating. It is most
likely that this effect is due to the severity of the test, where the heat
input into a localized region is large when compared with the surrounding area.
Therefore, stresses are set up between the cermet coating and the aluminum
plate, with the consequence that cracking of the coating may expose the aluminum
plate to more direct heat. The main point is that coating-substrate systems
exhibit different thermal properties under thermal cycling conditions - however,
the same trends are observed in any particular cycle.

The heating up rate data was normalized with respect to an uncoated aluminum

substrate (Fig. 3). The dimensionless parameter is:-

AT sample = Temp. at Center (s) - Temp. at Rim (s)
AT aluminum Temp. at Center (Al) - Temp. at Rim (Al)
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Expression (1) compares the center and rim temperature of the cermet
coated specimen to those of an aluminum plate relating to the heat flux between
the center and rim of the sample. A relative value of "1" indicates that the
thermal properties of the coated substrate do not differ substantially from
those of the uncoated aluminum substrate. However, it is also important to
know the absolute temperature of the sample. Therfqre, the time-temperature
profile for the centers of the sample are included in Fig. 3. In summary, the
temperature difference ratio indicates the heat flow and distribution over the
whole panel, whereas the absolute temperature shows when failure (by melting)
may be imminent at the panel center.

Thermal Tests - destructive measurements

Coatings were also produced for destructive testing to establish the "burn
through time" (Fig. 4). Failure was easily observed for the uicoated aluminum
plates since the aluminum melted in the center and a molten pool sagged down-
wards. However, the failure point was not as easy to observe for the coated
specimens, because the cermet coating obscured observation of the substrate.
The failure in these cases was then taken as that point where the cermet coat-
ing glowed a distinct red color at the point of flame impingement - previous-
exnerience showed that beyond this time (about 10 to -15 sec) the aluminum panel
melted catastrophically from the rear. However, in any case, a thermocouple
was spring loaded to the center position and this was observed to reach tempera-
tures in the vicinity of 650 to 660°C and also to move when the aluminum
plate under it began to melt. Therefore, the accuracy of the "burn through"
measurements is limited to about 5 to 10 seconds (the previous tests are
accurate to approximately 5 seconds). The results show that the times for
failure are a maximum at about 20% Al,0, and 50% Zr02, and these correlate well

273

with the previously described thermocouple measurements.
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Mechanical Tests

It would normally be anticipated for the coatings to be subjected only to
elastic loads during their service life; however, these tests were carried out
to the plastic limit of the aluminum substrate, the deformation or failure of
the coating (if any) then being examined.

The crosshead displacement vs force curves all exhibited a well defined
"knee" at 6000 N (1350 1lb.) which corresponded to the material behaving in a
plastic hinge fashion (Fig. 5). The unloading curve allowed the permanent
deflection of the aluminum plate to be calculated. The results of the first
series of tests are shown in Table 2 (Specimens 1 to 4). It was also observed
that the initial displacement tests show a large range which arises due to the
difficulty of visually observing the occurrence of cracks. However, they all
agree with the proposition that cracking occurred only after the elastic limit
of the plate was reached.

The results of the second series of tests are also shown in Table 2
(Specimens 6 to 10). The typical shape of the AE vs time curve showed an
increase upon loading due to initial contact of the 3 point bending supports
on the specimen. The AE response then stabilized at a lower value (about 2.0 V)
prior to increasing when the coating cracked (2.20 - 2.25 V). The results are
reasonably consistent in predicting that coating failure will occur when the
total displacement (elastic and plastic) of the specimen is greater than at

least 2.7 mm.

DISCUSSION

It has been determined that cermet thermal barrier coatings can be used
to increase the short-term life of aluminum plate when subjected to a "standard
fire test". For zirconia coatings, the optimum ceramic content is 50 Wt.Z,

whereas it is about 20 Wt.% for equivalent performance from an alumina coating.
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It can also be seen that more scope exists in the "fine tuning" of an optimum

cermet composition. For example, it may be of benefit to use a cermet composi-
tion of low ceramic content in order to increase the overall adhesion of the
deposit (and its resilience to bending stresses).

It would be expected that the thermal performance of the various coatings
could be predicted by examining the thermal diffusivity and conductivity of the
individual coatings. There is no such data available for flame sprayed coatings;
however, the approximate measurements for the bulk materials at two temperatures
are given in Table 3 [8], and values are also included for plasma-sprayed coat-
ings [9]. Clearly both of these properties are a minimum for the bulk Zr02,
and could be related to the thermal properties of sprayed coatings; although
the incorporation of a metallic component would be an additional complication {10].

Also, it should be noted that the thermal properties of bulk Zr0O, do not vary

2
significantly with temperature when compared with alumina and, thus, its behavior
over the entire temperature range should be more stable.

The graphs of relative temperature difference (Fig. 3) exhibit several
trends. Values during the initial heating~up of the substrate (<40 sec) are
generally greater than unity, and these reflect the insulating properties of
the cermet coating such that the term {AT coating (center-rim)} is large. This
large AT value arises even though the center temperatures of the coated and
uncoated samples are comparable. Therefore, the cermet coating does not have
the disadvantageous effect of concentrating the heat source - this effect, if
it were observed, would lead to premature failure of the aluminum substrate.

The 407% ZrO; cermet coating does not behave appreciably different from the

uncoated aluminum plate. However, the 507 ZrO) cermet coating shows far superior

insulating properties (i.e., no heat conduction) and these are not further

improved with higher ceramic compositions in the cermet. This property does
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not necessarily indicate a better fire barrier since, in this case, the
substrate takes 102 s to heat up to 500°C as compared to 109 s for the 60%
ceramic coating. The optimal fire barrier cermet composition appears to lie
between 50 and 607 ZrOp, which correlates well with the destructive tests.
There does not appear to be any progressive trend with changing composition
and this is not unexpected. For example, it is not known how the relative
volume fraction of two materials with different thermal conductivities effect
the conduction path and whether equivalent spray parameters (as carried out
in this study) reflect similar ceramic/metal particle interactions. Other
factors which will change the thermal properties are the emissivity (or heat
radiation properties) and the surface roughness (or real surface area) of
the cermet coating.

The alumina coatings generally show a consistent decrease in the relative
difference ratio during the progress of one thermal cycle (i.e., with an
increase in temperature). Values less than unity arise because of the relative
‘high conductivity of the alumina cermet coating, which then results in low
temperature gradients over the substrate. The alumina coatings do not exhibit
the high impedence to thermal conduction as exhibited by the 50% ZrO, coating;
that is, the relative temperature difference is not consistently high over
the whole temperature range. The 20% ceramic coating showed the greatest
time to reach 500°C and also performed as the best fire barrier coating during
destructive testing.

Another interesting aspect of the coating behavior has been their thermal
cycling performance. The thermal barrier effect increases with the number of
cycles, and this is suspected to arise from a change at the coating-substrate
interface. 1In some cases, cracking was observed; and this phenomenon may

reduce large scale cracking and increase the effective coating adhesion. On
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the other hand, if blistering occurs, the events which lead to cracking are

not controiled and, thus, coating adhesion tc the substrate is poor. The
interfacial blistering presents an interesting possibility of increasing the
insulating qualities of the coating. Selective, partial peeling of the coating
from the aluminum may be highly effective as a fire-barrier wall.

The results of the mechanical tests are straightforward. The major point
is that the coatings adhere to the substrate beyond the elastic limit of the
aluminum substrate. The onset of cracking was easily d.tected by acoustic
techniques.

CONCLUSIONS
*—1It was found that thermal-sprayed cermet coatings on aluminum retard
melting and degradation of the base metal. The thermal behavior of the Al1.0

273

and ZrO2 cermets was different énd showed the best properties in the 20 and
(approximately) ceramic compositions respectively. There was no corrosion

problem when the atomized Ni~Al was used. The cermet coatings adhered to

the substrates under high plastic strains in excess of normal service conditions

(assuming elastic criteria). A further investigation showed that acoustic

emission techniques could readily detect coating detachment within the critical

plastic deformation range of the aluminum substrate.
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Table 1. Sptay Parameters for Cermet Materials

R Gua -~ 5P
Nozzle - P7-G
Metering Valve - No. 12

'i Oxygen Pressure (MPa) 0.21
[N Oxygen Flow Race+* 34.0
L Acetylene Pressure (MPa) 0.10
' Acetylens Flow Race* 3.0
' Spray Discanca (cm) 7.5=10
¥ Spray Rate (Xg/h) s 1.8

'Ullitl on Matco 2AF Flov sater.

B -
‘; Powdar vibracor used, no air jet used.
g
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Table 2. Mechanical Properties of Coacings
3 Table 3. Thermal Proverties of Bulk and Plasma-
W Soraved Materials (R,9)
;: Accunulative
3 Speciman Number Plascic | ‘ )
i . h’h ‘ an | o
By and Weight T Deformatiom Crackiag# ! ermal D1ffusivicy Conductivitcy i
' Loading Run Ceranic (-! Observacion cuzscc-l Wace C‘-lx-l
. la 20A1,0, <9.0 extensive 300°X 300°% 300°K __— 900°K__|
& 2a 40zz0, 0.3 0o zro, 0.007 0.00$ 0.01 0.0l
b 2.1 8o ALLO 0.08 0.02 0.30  0.08
:, c 3.8 fine 273
‘;'. s s0zr0, g.g o AL 0.90 0.70 .5 1.0
| ) Y,0,-220, 4 0.03  0.07
2] 2
" 5: 302:02 g.O no
.8 no NLCPALY* 0.24 0.51
‘J c 2.1 no
o d 3.7 extensive
: Sa s0zro, 0.0 'uun-;pnycd macerials (exact formulations
' b 0.7 unknowa) .
s afcer
¢ 1.7 y:,7 - **0aca for comparisom purposes only.
. 6a 502?02 0.3
' b 1.6
3 3.7
yes after
" d 10.0 5.0 om
N 7a s0zro, 0.0 . |
. b 0.6 .
, : l“; yes after !
v ' 4.1l m
5 3a wozro, 0.0
¢ b 1.5
f
¥ : ;2 yes after
‘o ¢ 1.6 o
— % ZOMZOJ 0.7
‘o b Zg yes after
[ ¢ ) 2.9 oa
L) 4 6.3 an
4
W 10a 40AL,0, 5.8 Tee e
L i .

(Rins l-< are visual observacions).

*Runs 5-10 {ndicace the RMS voltage observacions.

L}
' 'R!‘B voltage changed sfter lam of x-head dis-
placemenc.
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