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Thick Thermal Barrier Coatings for
Diesel Engines

M.B. Beardsley

The Caterpillar approach to applying thick thermal barrier coatings (TTBC) to diesel engine combustion
chambers has been to use advanced modeling techniques to predict engine conditions and combine this
information with fundamental property evaluation of TTBC systems to predict engine performance and
TTBC stress states. Engine testing has been used to verify the predicted performance of the TTBC sys-
tems and to provide information on failure mechanisms.

The objective of the Caterpillar program has been to advance the fundamental understanding of thick
thermal barrier coating systems. Areas of TTBC technology examined in this program include powder
characteristics and chemistry; bond coat composition; coating design, microstructure, and thickness ef-
fects on properties, durability, and reliability; and TTBC “aging” effects (microstructural and property
changes) under simulated diesel engine operating conditions. Methods to evaluate the reliability and du-
rability of TTBCs have been developed to understand the fundamental strength of TTBCs for particular

stress states.

Keywords diesel engine, durability, mechanical properties,
reliability, thermal barriers

1. Introduction

PREVIOUS REVIEWS of thermal barrier coating technology con-
cluded that the current level of understanding of coating system
behavior is inadequate, and the lack of fundamental under-
standing may impede the application of TTBCs to diesel engines
(Ref 1).

Fifteen thick thermal barrier coating (TTBC) ceramic pow-
ders were evaluated. These powders were selected to investigate
the effects of different chemistries, different manufacturing
methods, lot-to-lot variations, different suppliers, and varying
impurity levels (Table 1 [Ref 2]). Results of powder charac-
terization for chemistry, particle size distribution, surface area,
crystallographic phases, apparent density, and Hall flow are
given in Tables 2 to 6. The chemical analysis found that the three
spray-dried and sintered materials used in the impurity study
(lots G, N, and O) range from low levels of alumina and silica
(N), low alumina and mid-level silica (G), to high alumina and
silica (O) (Table 2). The chemistries of the powders produced by
different manufacturing methods (HOSP proprietary Metco
process, spray-dried, spray-dried and sintered, fused and
crushed, and solgel materials) also show slightly different
ranges of impurities reflecting the different manufacturing
methods.

Particle size distributions, as measured by the laser light scat-
tering method of the 15 materials, showed small variations in the
mean and size ranges (Table 3). The surface areas of the powders
show a wide range, even for similarly manufactured powders
(lots G, N, and O and lots A, L, and M [Table 4]). The crystal-
lographic phases were as expected for the powder processing
methods investigated (Table 5). The Hall flow and apparent den-
sity of the materials did not have significant meaning to the re-
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sults, particularly the Hall flow, which indicated flow problems
with several powders that did not occur in use (Table 6).

2. Spray Processing and Thermal
Conductivity

Fifteen materials were sprayed using 36 parameters selected
by a design of experiments to determine the effects of primary
gas (argon and N,), primary gas flow rate, voltage, arc current,
powder feed rate, carrier gas flow rate, and spraying distance.

Table1 Powders selected for evaluation to investigate the
effects of different chemistries, different manufacturing
methods, lot-to-lot variations, different suppliers, and
varying impurity levels

Material Mfg method Supplier Lot
8% yttria-zirconia HOSP(a) Metco A
20% yttria-zirconia spray dried Metco B
24% ceria-zirconia HOSP(a) Metco C
calcium titanate spray dried Metco D
mullite fused and crushed Metco E
Different manufacturing methods

8% yttria-zirconia sprayed dried Metco F
8% yttria-zirconia spray dried and sintered Metco G
8% yttria-zirconia fused and crushed Norton H
8% yttria-zirconia sol gel Metco I
Different Suppliers

8% yttria-zirconia sprayed/compacted/sintered Zircoa J
8% yttria-zirconia spray dried and sintered Met Tech K
Lot-to-lot variations

8% yttria-zirconia HOSP(a) Metco L
8% yttria-zirconia HOSP(a) Metco M
Impurities

8% yttria-zirconia spray dried and sintered Metco N
8% yttria-zirconia spray dried and sintered Metco 0]

(a) HOSP is a proprietary Metco manufacturing method.
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Table2 Chemistries of the 15 selected materials

Material LotID ALO, CaO Fe0O, HfO, MgO Si0, TiO, Th+U Y,0, CeO, 7Zr0, NaO
8% YSZ-HOSP A <0.01 <0.01 <0.01 1.73 <0.01 <0.01 0.09 <0.01 7.98 <0.01 90.21 0.27
20% YSZ-S/D B 0.06 0.03 <0.01 151 <0.01 0.16 0.07 0.03 19.34 <0.01 774 0.08
24% CSZ-HOSP C <0.01 0.07 0.02 1.27 0.04 0.04 0.08 <0.01 242 25.12 70.84 0.15
CaTiOs D 0.21 409 0.06 023 043 5754 <0.01 <0.01 <0.01 0.09 0.18
muilite E 74.34 0.03 0.01 <0.01 2532 <0.01 <0.01 <0.01 <0.01 0.01 037
8% YSZ-S/D F 0.27 0.13 0.06 1.79 <0.01 0.72 0.1 0.05 734 <0.01 89.44 0.1
8% YSZ-S/D-S G 0.01 0.01 0.01 1.74 <0.01 0.18 0.04 <0.01 7.8 <0.01 90.21 0.2%
8% YSZ-FIC H 0.03 0.04 <0.01 1.64 <0.01 <0.01 0.2 <0.01 7.46 <0.01 90.63 0.08
8% Y SZ-solgel I <0.01 <0.01 <0.01 158 <0.01 <0.01 0.06 <0.01 7.37 <0.01 90.99 0.18
8% YSZ-SIC-S J 0.08 0.18 0.11 1.81 <0.01 <0.01 <0.01 0.04 75 <0.01 90.28 0.03
8% YSZ-S/D-S K 0.01 <0.01 0.02 1.84 <0.01 022 0.08 0.01 7.47 0.01 90.35 0.16
8% YSZ-HOSP L <0.01 <0.01 0.04 1.67 <0.01 <0.01 0.1 <0.01 1.77 <0.01 90.42 0.11
8% YSZ-HOSP M <0.01 <0.01 <0.01 1.63 0.03 0.03 0.13 <0.01 7.58 <0.01 90.51 022
8% YSZ-S/D-S N <0.01 <0.01 0.03 1.65 <0.01 <0.01 0.14 <0.01 72 <0.01 90.98 0.22
8% YSZ-S/D-S O 0.26 0.13 0.05 1.76 <0.01 0.69 0.1 0.01 7.01 0.01 89.99 0.24
HOSP, proprietary Metco manfuacturing method; S/D, spray-dried; S/D-S, spray-dried and sintered; F/C, fused and crushed; and SOLGEL, sol gel
Table3 Particle size distribution and mean particle size of the 15 selected materials
Size, um Mean size,
Material Lot 10% 50 % 90 % Hm
8% YSZ-HOSP A 20.37 50.87 103.78 56.76
20% YSZ-S/D B 30.16 66.36 124.11 74.15
24% CSZ-HOSP C 22,12 50.92 103.15 56.92
CaTiOg D 3923 67.09 119.88 75.61
mullite E 5232 94.38 147.48 96.22
8% YSZ-S/D F 2041 60.67 113.99 67
8% YSZ-S/D-8 G 2795 56.54 108.7 62.82
8% YSZ-FIC H 3207 64.08 117.48 70.01
8% YSZ-solgel I 33.62 5722 101.93 62.59
8% YSZ-S/C-S J 34,74 63.82 110.45 683
8% YSZ-S/D-S K 29.01 54.95 102.47 60.42
8% YSZ-HOSP L 25.23 54.08 105.31 599
8% YSZ-HOSP M 22.85 49.65 102.46 56.32
8% YSZ-S/D-S N 26.08 53.84 104.87 59.91
8% YSZ-S/D-S O 26.5 55.08 104.66 60.67
Specimens are identified in Table 2.
Table4 Surface areas of the 15 selected materials . . . .
economic standpoint. A general trend for all 15 materials was in-

Single point, BET, creasing thermal conductivity with higher deposition efficiency
Material Lot m¥fg m¥fg as shown in Fig. 1. Thermal conductivity was measured by the
8% YSZ-HOSP A 0.3346 0.3461 flash diffusivity method and then calculated from the density
20% YSZ-S/D B 1.9386 2.0047 (measured by mercury intrusion porosimeter), and the specific
éi‘i«;gSZ—HOSP g gggz; gggz; heat of the material. An optimum combination of thermal con-
mullites E 0.1833 0.1440 ductivity and deposition efficiency was found for each powder
8% YSZ-S/D F 3.6373 3.7554 lot in follow-up experiments, and deposition parameters were
8% YSZ-S/D-S G 1.0337 1.0640 chosen for full characterization.
gz‘: zgéz lcgel }I{ 2‘(1)233 2'2‘5132 Resulting thermal conductivity and deposition efficiency for
8% YSZ.S/C.S 5 0.1715 0.1307 each of the powders sprayed with optimized parameters were
8% YSZ-S/D-S K 0.3071 03155 determined and are compared to the baseline coating (lot A, 8%
8% YSZ-HOSP L 0.2559 0.2664 yttria-zirconia, HOSP) in Fig. 2. Several of the powders exhibit
8% YSZ-HOSP M 0.2671 0.2750 lower thermal conductivity than the baseline coating with the
8% YSZ-S/D-§ N 0.7742 0.7970 .. . . . .
8% YSZ-S/D-S o 0.2544 0.2706 20% yttria-zirconia (lot B) and spray dried 8% yttria-zirconia

Specimens are identified in Table 2.

The deposition efficiency, density, and thermal conductivity of
the resulting coatings were measured. A coating with high depo-
sition efficiency and low thermal conductivity is desired from an
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(lot F) showing both lower thermal conductivity and higher
deposition efficiency. The higher thermal conductivity of mate-
rials such as the calcium titanate (lot B) may be balanced by
higher deposition efficiency to achieve coatings with equivalent
thermal conductance and cost. A component design question is
whether higher deposition efficiency balances higher thermal
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Table S Crystallographic phases for the 15 powders selected

———T =

Stabilized phases and Monoclinic

Material Lot tetragonal zirconia zirconia Yttria
8% YSZ-HOSP A 91.1 89 ND
20% YSZ-S/D B .. 82-80 18-20
24% CSZ-HOSP C 93.8 6.2 ND
CaTiOs D 100% calcium titanate e
mullite E 100% mullite
8% YSZ-S/D F - 92-93 7-8
8% YSZ-S/D-S G 63.5 36.5 ND
8% YSZ-F/C H 100 ND ND
8% Y SZ-solgel I 100 4] ND
8% YSZ-S/C-S J 85.7 14.3 ND
8% YSZ-S/D-S K 62.5 375 ND
8% YSZ-HOSP L 93.0 7.0 ND
8% YSZ-HOSP M 91.1 8.9 ND
8% YSZ-S/D-S N 73.5 26.5 ND
8% YSZ-S/D-S o] 70.1 29.9 ND

Specimens are identified in Table 2. ~O is not detected.

conductivity (which results in needing a thicker coating to
achieve similar thermal conductance).

3. Strength Testing

Room temperature strengths of the optimized coatings
were determined using four-point bending specimens with a
20 by 40 mm test fixture. Tensile strength was determined us-
ing free standing coatings with approximate dimensions of 1
by 10 by 50 mm, made by spraying mild steel substrates that
were subsequently removed by chemical etching. Compres-
sive strengths of the coatings were determined using compos-
ite specimens of ceramic with a bond coating on stainless
steel substrates, tested with the coating in compression and
the steel in tension. Dimensions of the compressive specimen
were 10 by 50 mm, with a 2 mm thick substrate and 0.5 mm
thick ceramic. Compressive strength of the coating was de-
termined from an elastic bi-material analysis of the resulting
failure of the coating. Coatings were tested with an as-
sprayed surface. Strengths of the coatings compared to the
baseline coating are shown in Fig. 3.

Although initial results show comparison of the materi-
als appears to be straight forward, aging tests of the mate-
rials are necessary to ensure that trends in properties
remain after long-term exposure to a diesel environment.
Comparisons can be made, such as the comparison be-
tween lot-to-lot variations.

The three lots of 8% yttria-zirconia HOSP materials (lots A,
L, M) have similar thermal conductivity, deposition efficiency,
and strengths for the selected parameters (all three lots were
sprayed with the same parameters). To achieve this, the parame-
ters were selected for robustness; that is, the deposition effi-
ciency and thermal conductivity for each lot were similar for the
same parameter set. The three lots of material were sprayed with
three sets of parameters, and the thermal conductivity and depo-
sition efficiency were measured. In two of the three sets, the
deposition efficiency of lots M and L was approximately one-
third of the deposition efficiency of the baseline material (lot A).
Spray parameters for any given chemistry and specified particle
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Table 6 Hall flow and apparent density for the 15 selected
materials

Hall flow, Apparent density,
Material Lot s glem?
8% YSZ-HOSP A 719 227
20% YSZ-S/D B 473 1.52
24% CSZ-HOSP C 341 24
CaTiOs D 1174 1.05
mullite E 71.6 1.16
8% YSZ-S/D F 522 1.44
8% YSZ-S/D-S G (a) 1.1
8% YSZ-FIC H 45.1 2.55
8% YSZ-solgel I 39.2 1.72
8% YSZ-S/C-S J (a) 1.84
8% YSZ-S/D-S K 40.3 2
8% YSZ-HOSP L 513 227
8% YSZ-HOSP M 81.7 226
8% YSZ-S/D-S N (@) 2.26
8% YSZ-S/D-S (o} 46.3 1.76

Specimens are identified in Table 2. (a) Material did not flow.

size should be chosen based on the robustness of the parameters,
covering a range of lots, rather than on the results from one or
two lots.

4. Fatigue Testing

An axial fatigue test to determine the high cycle fatigue
behavior of TTBCs was developed at the University of Illi-
nois (Ref 4). A fatigue test apparatus was designed, and initial
test work was performed that demonstrates the ability 10 pro-
vide a routine method of axial testing of coatings. The test
fixture replaces the normal load frame and fixtures used to
transmit hydraulic oil loading to the sample with the TTBC
specimen.

The TTBC specimen is a composite metal/coating with stain-
less steel ends (Fig. 4). The coating is sprayed onto a mild steel
center tube section onto stainless steel ends that are press fit. The
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Fig. 1 Thermal conductivity versus deposition efficiency for the 36
spray parameters used to spray the baseline 8% yttria-zirconia (HOSP,
lotA)
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Fig. 3 Tensile and compressive strengths and compressive elastic
modulus of the 15 materials compared to the baseline 8% yttria-zir-
conia (HOSP, lot A)

specimen is then machined. After machining, the specimen is
placed in an acid bath that etches the mild steel away, leaving the
TTBC attached to the stainless steel ends. Plugs are then in-
stalled in the ends, and the composite specimen is loaded in the
test fixture, where the hydraulic oil pressurizes each end to apply
the load. Since oil transmits the load, bending loads are mini-
mized. This test fixture was modified to allow piston ends to be
attached to the specimen, which allows tensile and compressive
loading of the specimen.

A TTBC coating previously tested at room temperature, in
compression using this method, resulted in stress-life data
shown in Fig. 5. This data matches previous fatigue data for ma-
terial obtained in four-point bending (Ref 3). Tensile data for this
coating was also generated using the modified axial test fixture,
resulting in stress-life data as shown in Fig. 6.
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Fig. 2 Optimized thermal conductivity (TC) and deposition effi-
ciency (% DE) for each material, compared to the 8% yttria-zirconia
baseline (HOSP, lot A)
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Fig. 4 Composite metal/coating specimen used to obtain axial fa-
tigue strength of selected coating materials

In addition to the room temperature data, specimens were
recently tested at 800 °C with surprising results. At high tem-
perature, the TTBC exhibits much higher fatigue strength
(Fig. 7). This behavior is thought to be caused by sintering
of the splat structure of the TTBC at the high temperature
(Ref 4).

Testing of the TTBC using tension/compression cycling
was conducted using the modified test fixture. The goal was
to investigate the failure mechanisms of the coating and to
determine if tensile and compressive fatigue damage would
interact to influence the resulting coating life. Coating sam-
ples were run with various mean compressive loads and con-
stant tensile loading, approximately equal to 90% of the
tensile strength of the coating. As shown in Fig. §, there is no
interaction between the tensile and compressive load. The ma-
terial fails in tension at the predicted tensile curve life. This in-
dicates that there are two different failure mechanisms for the
TTBC in tension and compression.
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Fig. 5 Compressive fatigue strength of an 8% ytiria-zirconia TTBC
at room temperature, determined using the composite metal/ceramic
axial test specimen ([Ref 4] stress ratio=0.07)
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Fig. 7 Comparison of room temperature and 800 °C test results for
compressive fatigue strength of 8% yttria-zirconia
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six of the materials in the aged condition (500 h, 800 °C, no load)
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Cycles to Failure

Fig. 6 Tensile fatigue data generated using the modified axial test
fixture (stress ratio=0)
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Fig. 8 Comparison of the compressive, tensile, and combined com-
pressive-tensile testing of an 8% yttria-zirconia TTBC
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Fig. 10 The fatigue strengih of aged specimens (500 h, 800 °C, no
Ioad) and 8% yttria-zirconia baseline material (HOSP, lot A)
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Fig. 11 The fatigue strength of aged specimens (500 h, 800 °C, no load)
for the high-purity (lot N) and low-purity (lot O) 8% yttria-zirconia

5. Aging Effects

The change in fatigue strength of the 8% yttria-zirconia at a
high temperature indicates that properties of TTBC materials
are not stable at high temperatures. To further investigate the
change in the material properties with exposure at high tempera-
tures, a furnace aging test was developed that uses a simulated
diesel exhaust environment. This test exposes the specimens to
800 °C for 500 h, with no stress applied to the specimens, The re-
sulting change in compressive strength and modulus of aged
specimens for 6 of the 15 materials is compared to the change in
modulus with the applied load in Fig. 9. The load applied was
40% of the compressive strength prior to aging. As shown in Fig.
9, the aging with no load at long intervals has a lesser effect than
the stressed condition.

In addition to the static compressive strength and modulus
measurements, fatigue studies on the furnace aged materials
were also performed. As shown in Fig. 10 and 11, the fatigue
strength of the aged specimens (300 h, 800 °C, no load) in-
creased for all matenals tested. The increase in the fatigue
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strength was not as large as for specimens held under load, but
even the high-purity materials exhibited an increase in strength.
A more detailed study of the stress-temperature time effects is
needed to fully understand this phenomenon.

6. Conclusions

The effects of composition and manufacturing methods on
TTBC powders and the resulting coating thermal conductivity
and deposition efficiency was explored. The approach differs
from past investigations because the spray parameters were op-
timized for each powder rather than using similar parameters.
Methods to test the fatigue and aging behavior of the coatings
have been developed and will be used in future investigations to
develop life prediction models for the TTBC systems.
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