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The cyclic oxidation behavior of four high-temperature alloys (two NiAl alloys and two NiCr alloy) is
studied utilizing an existing micromechanics-based model, in which Al,O; and Cr,0; are formed on the
alloys as protective layers. For each alloy, the model parameters are determined based on one ‘complete’
experimental curve of weight change, which is obtained under a high-temperature cyclic oxidation test
where the weight change experiences a maximum value and then drops down to a zero point. The model is
first tested on two metals which have experimental data available for comparison. It is found that the model
parameter, oxide crack density exponent, can be assumed constant within a range of high temperature for
each metal, thus with the ‘complete’ experimental curve of weight change, the model can predict the
oxidation behavior of the metal at different temperatures. The determination of model parameters, accu-
racy, and limitations of the model for NiAl and NiCr alloys is analyzed and discussed.
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1. Introduction

Protective coating is crucial for preventing high-temperature
alloy substrate from cyclic oxidation degradation. Various
coatings, such as NiCrAlY, CoCrAlY, and NiAl,O3, have been
developed to protect the high-temperature structural alloys
(Ref 1-6). The oxidation resistance of most protective coatings
is attributed to their adherent and continuous oxide layer, e.g.,
aluminum-contained alloys normally have excellent oxidation
resistance at 1200 °C because of continuous formation of Al,O3
film (Ref 7, 8). However, due to the change in service
environment, the oxide film may not remain on the alloy
surface. At high temperatures, the thermal cycling can induce
oxide film, but during cooling cycle, the oxide film may spall off
from the surface. As a result, the thickness of the oxide layer will
decrease (Ref 9, 10), and this in turn increases the oxidation rate
of the substrates, thus the coating life would decrease signif-
icantly (Ref 11). To study the cyclic oxidation behavior and
predict the service life of the protective coatings, the interaction
between oxidation and spallation must be investigated.

There are two modes of oxide spallation according to stress
condition (Ref 12-18). For tensile stress case, micro-cracks are
easily formed in the oxide layer but less spallation would occur
because of insufficient shear stresses. In compressive stress
case, depending on the interface strength, the oxide spallation is
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considered as either a wedging process or a bulking process.
Robertson and Manning (Ref 12) investigated the failure of
oxide scales under rapidly applied strains, assuming that no
relaxation occurred. Their work was the extension of the semi-
empirical study of Armitt et al. (Ref 19), which showed that
failure occurred when the elastic strain built up in the oxide
until the strain energy density exceeded the surface fracture
energy of the oxide. They developed the failure mode maps
which related failure strain to oxide thickness. Hancock and
Nicholls (Ref 15) studied the mechanisms of scale fracture due
to stresses generated during growth, applied directly or by
thermal cycling, including the influence of defects in the scale
on fracture toughness. The mechanical behavior of the oxide
scale over a wide range of operating conditions could be
predicted by comparing the yield and fracture behavior of the
scale. Evans (Ref 16) investigated the effect of temperature
change on the strains developed between oxide and substrate
and found that temperature change posed a significant threat to
the integrity of protective-oxide layers because of the differ-
ential strains developed between oxide and substrate, because it
may induce either tensile or compressive in-plane stresses
within the oxide layer. The former may produce cracks through
the thickness of this layer but oxide spallation under such
tensile conditions appeared to be a difficult process. By
contrast, spallation was relatively easy under compression,
i.e., in most cases during cooling from the oxidation
temperature.

However, the deficiency of above research was obvious,
because all the methods developed in the research were unable
to predict the failure and service life of a coating under cyclic
oxidation. Probst and Lowell (Ref 20) and Lowell et al. (Ref
21) developed the cyclic oxidation spalling program (COSP),
which was a model allowing the prediction of cyclic oxidation
at the peak temperature and spallation during cool down, over a
wide range of exposure condition (temperature). Furthermore,
the failure mechanism of the oxides on nickel based alloys
during cyclic oxidation was investigated based on a degradation
model combined with oxide formation simulation (Ref 22); the
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life of the oxides during the cyclic process could be predicted
using this model. Based on these concepts, Chan (Ref 23)
proposed a micromechanics-based model simulating spallation
of an oxide scale on a coated metallic substrate when subjected
to a cooling down cycle with a temperature change. This model
requires a group of parameters for each alloy that must be
determined via a cyclic oxidation test at a high temperature
where a ‘complete’ weight change curve that has a maximum
value and then a drop trend down to a zero point can be
obtained. Up to date, only limited metals have been studied as a
comparison baseline of the Chan’s model, and therefore, to
explore the predictability of this model, further study of this
model on more metals, such as Al,O3 and Cr,O; grown on
different types of alloy, is necessary.

In this research, the cyclic oxidation behavior of two NiAl
alloys and two NiCr alloys was studied using the Chan’s model.
Based on the available experimental data (Ref 24) for these
alloys, the simulation was performed at the temperatures
between 1050 and 1200 °C, in order to compare the predicted
weight changes with the experimental measurements. The
growth and spallation behavior of Al,0; and Cr,Oj3 scales on
these alloys were investigated. The plots of the oxide weight
change versus exposing time were obtained for the alloys. The
model parameters, simulation results, and limitations of the
model were essentially discussed.

2. Cyclic Oxidation Modeling

2.1 Oxidation and Spallation Models

Cyclic oxidation process comprises both oxidation and
spallation steps. In high-temperature environments, metallic
substances are much easier to be oxidized than at room
temperature. They count on the protective coatings to provide
the oxidation resistance. Most of these coatings are an adherent
and continuous oxide layer. The layer can isolate substrate from
air; resultantly, the reaction between the substrate, metallic
elements in the coating, and oxygen can be limited. However,
during thermal cycling, the oxide layer may become discon-
tinuous as the depletion of the oxide-forming metallic elements
in the coating. The COSP is one of the cyclic oxidation models.
The oxidation at the peak temperature of a thermal cycle as the
basis of the COSP can be expressed as (Ref 20, 21)

Wox = Zr\/kpt, (Eq 1)

where W, is the weight of the oxide formed, ¢ is the time of
oxidation for one cycle, Z is the ratio of the molecular weight
of the oxide to the molecular weight of oxygen, and £, is the
parabolic rate constant.

The decohesion occurs in the oxide or at the interface and
fracture are found on the planes within the oxide. Utilizing the
COSP model, the spallation of the oxide is represented in terms
of an empirical relation (Ref 20, 21)

f= QO(Wox)ra (Eq 2)

where f is the fraction of oxide spalled, Qy is the propor-
tional constant, and 7y is an exponent. With some experimen-
tal data, Eq 1 and 2 can be used to calculate some weights
or weight changes, such as weight of oxide remained on the
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metal surface, W, weight of oxide spalled, W,, weight
change, W, and weight loss of oxide-forming elements, W,
which are necessary parameters used for predicting failure of
the oxide.

Spallation of an oxide scale on a coated metallic substrate
occurs during a cooling cycle with a temperature change. In the
Chan’s model (Ref 23), the height and width of the substrate are
H and B, respectively, as shown in Fig. 1(a), and the thickness
of the oxide is b, as indicated in Fig. 1(b). The oxide scale is
subjected to a compressive stress, o, which is composed of an
applied stress, .., and a thermal stress induced due to a
mismatch in the thermal expansion coefficients between the
oxide and the metal. The oxide scale is assumed to contain a
number of preexisting shear cracks created by the growth stress
and the thermal stresses during the cooling process (Ref 13).
The average length of the shear cracks on the oxide surface is
2a, as shown in Fig. 1(a) and the initial average crack depth is
lo, which is not normal to the oxide surface, but has an angle, \/
with the surface normal, see Fig. 1(b), thus the projected length
of the shear crack on the normal plane is /y sin s, as depicted in
Fig. 1(c). When subjected to the compressive stress, some of
the shear cracks develop into wing tips with a length, /, which
propagate in a direction parallel to the compressive stress
direction or the oxide surface, as illustrated in Fig. 1(b) (Ref 25,
26). A spall is formed and becomes detached from the scale
when the wing crack joins with an adjacent shear crack; the
volume of a spall formed in the oxide layer is illustrated in
Fig. 1(c). At the micromechanics scale, the weight of spalled
oxide is (Ref 20, 21)

Ws = PoxVshe/2, (Eq 3)

where p,, is the density of the oxide, vy is the unit volume
of an oxide spall, and #n, is the number of shear cracks with
wing tips. The unit volume of a spall is expressed as

vs = 2aly sin s, (Eq 4)

where \ is the angle between the direction of the compres-
sive stress and shear crack, a is the average half-length of
shear crack, and [, is the initial average depth of shear crack.
The density, p,,, is given by

_ W()X
BHI’

Pox (Eq 5)
where B and H are the oxide dimensions and /4 is the oxide
thickness. Eq 3 to 5 lead to

Ws = EL(sin ) Wox, (Eq 6)
ncal(z)

where £ = 2 is the normalized crack density and L :% is
the ratio of wing crack depth to shear crack depth. Equation 6
requires the crack parameters for the model, which are diffi-
cult to obtain experimentally; therefore, Chan (Ref 23) pro-
posed a more convenient expression for Wy as

W 1+m
W, = gAT* | =2
s —q (Wo> s

(Eq7)

where ¢ and m are spallation and crack density constants of
the oxide, respectively; AT is temperature change; W, is the
reference weight and is taken as 1 mg/cm? for convenience.
Based on the above discussion, it is easy to get the following
relationship:
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Wr = Wox - I/Vs (Eq 8)

Since cyclic oxidation is time dependent, the cumulative
weight change, the entire weight of spallation, and the weight
of the metal element loss are a function of cycle time. The
equation for the cumulative oxide weight change per unit area
after nth cycles is (Ref 23):

(W)= (1/2)(W),~(1 — 1/2) (Z Ws) (Eq9)

W, can be calculated by W and W, from Eq 8. W, and W,
are given by Eq 1 and 7, respectively.

2.2 Parameters of the Model

In the cyclic oxidation simulation, combining Eq 1, 7 to 9
yields the following equation

1+m
(We),= (1/Z) | Z\/kpt — gAT? (Z%@)

! (Eq 10)

n Z\/@ 14+m
—(1-1/2) Xl:qAT2<70>

n

In Eq 10, parameters Z, K,,, m, and g must be determined
before the weight change with oxidation cycle can be obtained.
Z is the ratio of the molecular weight of the oxide to the
molecular weight of oxygen in the oxide. For AlOs3,
Z=(16x3427x2)/(16 x 3) =2.125. For Cr,0s,
Z = (16 x3+52x2)/(16 x 3) = 3.167. K, is the parabolic
rate constant of oxide growth, which varies with type of oxide
and temperature under oxidation. The value of K, can be
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Fig. 1 Schematic drawing of an oxidized alloy surface (Ref 23)
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determined experimentally for various alloys under different
oxidation temperatures.

The crack density exponent m (Ref 23) is related to the
properties of the oxide scale. Different values of m indicate
different physical meanings. For m = 0, it means that the
density of cleavage wing cracks and the oxide thickness are
independent, i.e., the spallation occurs at the oxide/substrate
interface. For m > 0, bulk spallation takes place on the planes
within the oxide. This implies that not all cleavage wing cracks
lie on the interface plane for complete interface decohesion.
The value of m can be determined experimentally by measuring
the rate of weight change of the material under cyclic oxidation,
as expressed by the following equation (Ref 23)

-2 —2tm We

“ie(e) [T VAR

where f,, is the time when weight change curve reaches the
maximum, # is the time when net weight change is zero. 17,
is the rate of weight change at the steady state, which can be
obtained from the weight change curve. The spallation con-
stant ¢ is influenced by the cracks in the oxide layers, such
as the crack length, fracture toughness, and density (Ref 23).
The value of ¢ is related to the value of m, expressed as

B ¢ - ¢ —(14-m) W, mn
T=221,A12 " " 21, N

2.3 Validation of Cyclic Oxidation Model

To verify the Chan’s model, the cyclic oxidation behavior of
an austenitic stainless steel (Fe-Ni-Cr-Al) and a Ni-based alloy
(Ni-48.3A1-0.1Zr) at temperatures between 1200 and 1000 °C
was investigated. The values of parameters m and ¢ used in the
simulations were determined from the experimental fitting
curves that were obtained in the cyclic oxidation tests at the
highest temperature (1200 °C) within the temperatures under
test (Ref 27, 28), because at this temperature with less cycles or
within shorter time, a “complete” weight change curve, which
has a maximum value and then a drop trend down to a zero
point, could be derived from the tests for Fe-Ni-Cr-Al and Ni-
48.3A1-0.1Zr, respectively. The final parameters used in the
simulation for Fe-Ni-Cr-Al and Ni-48.3Al1-0.1Zr are summa-
rized in Table 1 (Ref23). The oxide weight W, was calculated
from Eq 1. The weight of spalled oxide W was calculated from
Eq 7. Thus, the weight of residual oxide ¥, was obtained from
Eq 8. W, and W, were calculated in weight per unit area.
Finally, the cumulative weight changes of oxide per unit area
after nth cycles for Fe-Ni-Cr-Al at 1200, 1100, and 1000 °C
and for Ni-48.3Al1-0.1Zr at 1200, 1150, and 1100 °C were
calculated using the m and ¢ values determined at 7 = 1200 °C;
the results are plotted in Fig. 2 and 3, together with the
experimental data (Ref 27, 28) for comparison.

It is observed that although theoretically the values of
parameters m and ¢ vary with temperature, as demonstrated by
Eq 11 and 12, the predicted weight changes using the same
values of m and ¢ for the temperature range between 1000 and
1200 °C show good agreement with the experimental mea-
surements. Regarding the cyclic oxidation versus temperature,
for both of the materials, at 1200 °C oxidation, oxide weight
change increases with the number of cycle initially, but
after about 25 cycles for Fe-Ni-Cr-Al and 600 cycles for

m (Eq 11)

(Eq 12)
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Table 1 Parameters used for the cyclic oxidation model validation (Ref 23)

Material Tinaxs °C Tnins °C K, mgzlcm“/h q, mg/cm2/°C2 m VA t,h
Fe-Ni-Cr-Al 1200 25 1.1x 1072 8 x 107! 3 2.125 20
1100 25 8.0 x 1074 8 x 107! 3 2.125 20
1000 25 8.65 x 1073 8 x 107! 3 2.125 20
Ni-48.3A1-0.1Zr 1200 60 1.51 x 102 1.2x 1071 1 2.125 1
1150 60 6.62 x 1073 1.2 x 1071 1 2.125 1
1100 60 231 x 1073 1.2 x 1071 1 2.125 1

Ni-48.3A1-0.1Zr, it decreases straightly, indicating significant
spallation of oxide scales. Also, within the low cycles (45
cycles for Fe-Ni-Cr-Al alloy steel and 400 cycles for Ni-
48.3A1-0.1Zr alloy), the theoretical simulations well fit the
experimental data; the error is less than 5%, but the model
prediction for the high cycles seems not very accurate with
respect to the experimental observation. At the lower temper-
atures (1000-1100 °C), oxide weight change increases contin-
uously with the number of cycle, representing unceasing
growth of the oxide scales. To investigate the degradation
behavior of the oxides and coating’s life at these temperatures,
the cyclic oxidation test must be performed for more cycles or
longer time, which is time consuming and costly. The
simulation results well predict the oxidation behavior of the
materials at these temperatures, with the average error about
10%.

3. Cyclic Oxidation of NiAl and NiCr Alloys

3.1 Determination of Model Parameters

To explore to the predictability of the model for the Al,O;
scales formed on the substrates with other compositions and
also to examine if the model can be applicable for Cr,Oj3 scales,
four alloys: Ni-48A1-0.1Zr, NiAl, DH-245, and Ni30Cr, were
studied using the Chan’s model. The chemical composition of
these alloys is given in Table 2. The selection of these alloys
was also because the experimental data for them were available
(Ref 24). Ni-48A1-0.1Zr and NiAl were tested for Al,O5 as the
protective scale but on different substrates, while DH-245 and
Ni-30Cr were for Cr,Oj3 as the protective scale.

For Ni-48Al-0.1Zr and NiAl, the oxide is Al,Os, then
Z=(16 x3+427x2)/(16 x 3) =2.125.

For DH-245 and Ni-30Cr, the oxide is Cr,Os, then
Z=(16x3452x2)/(16 x 3) =3.167.

The initially calculated m values from the fitting curves
using Eq 11 are given in Table 3. To achieve the best
simulating results with respect to the experimental data, these
m values were revised through trial-and-errors procedure, and
the revised m values are also presented in Table 3. The other
model parameters required in the simulation are summarized in
Table 4; the g values were calculated using Eq 12 with the
revised m values; the K|, values were obtained by Smialek et al.
(Ref 24).

3.2 Growth and Degradation Behavior of Al,0; and Cr.0;

With the revised m and ¢ values, the simulation results of the
NiAl alloys are plotted in Fig. 4 and 5, along with the
experimental data (Ref 24) for comparison. It can be seen that,
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in general, the modeling results agree well with the experi-
mental data, in particular, in the low cycle range with the
average error about 3.5%. However, after 1500 cycles, the
model predictions overestimate the weight changes, compared
with the experimental data. At the high temperature (1200 °C),
the Al,O; scales grow rapidly at the initial stage and reach
the maximum (about 2.2 mg/cm?® for Ni-48Al-0.1Zr and
1.65 mg/cm® for NiAl) at 500 cycles, and then degrade
gradually with the oxidation cycle. After 2500 cycles of
oxidation, the weight changes of the two NiAl alloys resume to
zero, which implies that the Al,O5 scales have totally spalled
from the surface of the alloys.

The variations of weight change with oxidation cycle for the
NiCr alloys are illustrated in Fig. 6 and 7, together with the
experimental data (Ref 24) for comparison. Different from the
NiAl alloys, the Cr,O5 scales on DH-245 at 1150 °C and on
Ni30Cr at 1050 °C grow to the maximum (about 1.2 mg/cm?
for DH-245 and 0.35 mg/em® for Ni30Cr) at much less
oxidation cycles (around 40 cycles for DH-245 and 15 cycles
for Ni30Cr). After that Cr,Oj3 is continuously formed on the
alloys, but accompanied by spallation of the oxides. The
synergetic effect of formation and spallation of Cr,Oj3 results in
serious material loss of the alloys eventually, as illustrated in
Fig. 6 and 7. The error of the model prediction for this alloy is
averagely 4.6%.

Comparing the cyclic oxidation behavior between NiAl and
NiCr alloys, it is found that Al,Oj is relatively stable than Cr,O5
on the alloy surfaces at high temperatures. Although the growth
rates of Al,O; and Cr,O3 on the alloys cannot be identified
because the plots in Fig. 4 to 7 represent the weight changes that
include the amounts of both oxide formation and oxide
spallation, it is apparent that Cr,O3 is more prone to spall, since
after less oxidation cycles, the NiCr alloys exhibit significant
weight loss. The oxidation test on a NiAl alloy coating showed
that after exposed at 1050 °C for 1000 h, the alloy surface was
covered with a large amount of Al,O3; the comparison of the
alloy surface before and after the oxidation test is shown in Fig. 8
and 9. The white areas of the scanning electron microscope
(SEM) image in Fig. 9a are Al,Os; the corresponding x-ray
diffraction (XRD) spectrum in Fig. 9b confirms the presence of
Al,05 on the alloy surface after the oxidation test.

4. Discussion

The simulation results show that the existing micromechan-
ics-based model developed by Chan (Ref 23) can be used to
predict cyclic oxidation behavior of NiAl and NiCr alloys
where Al,O; and Cr,Oj; scales are referred to as protective
layers with a good accuracy. One remarkable feature of this
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Fig. 2 Cyclic oxidation and spallation of AlL,O; on Fe-Ni-Cr-Al
alloy steel (a) T = 1200 °C (b) T = 1100 °C (c) T = 1000 °C

model is that for any alloy or metal to be studied the so-called
“complete” experimental cyclic oxidation curve must be
obtained at a high temperature where the curve can have a
maximum value of weight change, followed by a drop trend of
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Fig. 3 Cyclic oxidation and spallation of Al,O3 on Ni-48.3A1-0.1Zr
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weight change down to a zero point, before modeling, in
order to determine the oxide crack density component, m, thus
the oxide spallation constant, g. With this “complete”
experimental cyclic oxidation curve, the model can predict
the cyclic oxidation curves of the alloy or metal at other
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Table 2 Chemical Compositions (wt.%) of tested alloys

Material Ni Cr Al Fe
Ni-48A1-0.1Zr Balance 48

NiAl Balance 31.5

DH-245 Balance 20 3.5 0.7
Ni30Cr Balance 30

Table 3 Calculated and revised m values for the tested alloys

Material Calculated m value Revised m value Error
Ni-48A1-0.1Zr 1.147 0.1 (0.1-1.147)/1.147 = 91.3%
NiAl 0.042 0.01 (0.01-0.042)/0.042 = 76.2%
DH-245 4.54 3.8 (3.8-4.54)/4.54 = 16.3%
Ni30Cr 0.424 2 (2-0.424)/2 = 78.8%

Table 4 Parameters used in the cyclic oxidation simulation for the tested alloys

Material Tmaxs °C T mins °C K, mgz/cm“/h q, mg/cm2/°C2 m VA t, h
Ni-48Al1-0.1Zr 1200 25 0.02 2.40 x 10710 0.1 2.125 1
NiAl 1200 25 0.01 2.55 x 10710 0.01 2.125 1
DH-245 1150 25 0.056 1.37 x 10711 3.8 3.167 1
Ni30Cr 1050 25 0.088 1.15x 1078 2 3.167 1
3 3
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Fig. 4 Weight change of Ni-48Al-0.1Zr alloy under cyclic oxida-
tion at 1200 °C

different high temperatures. This is particularly beneficial for
studying cyclic oxidation of materials at the temperatures lower
than the temperature where the “complete” experimental cyclic
oxidation curve is derived when economic issue is concerned,
because at these temperatures, the cyclic oxidation test may
take very long time to obtain the weight change curve that can
depict the entire cyclic oxidation behavior of the materials at
the temperatures, that is, the oxide scale experiences both
growth and degradation steps. However, it should be noticed
that it is not clear about the temperature range within which the
m value can be considered constant. For the alloys Fe-Ni-Cr-Al
and Ni-48.3A1-0.1Zr, within 1000-1200 °C, the same m values
predicted reasonable cyclic oxidation curves, compared to the
experimental measurements.
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Fig. 5 Weight change of NiAl alloy under cyclic oxidation at
1200 °C

The most important application of the model is the
prediction of cyclic oxidation of an alloy or metal at relatively
low temperatures where it may take long time to obtain the
entire experimental curves for the alloy or metal, for example,
as shown in Fig. 2 and 3, for Fe-Ni-Cr-Al at the oxidation
temperatures of 1100 and 1000 °C, after 140 cycles the weight
reduction still does not happen yet, while at 1200 °C within 70
cycles, a “complete” cyclic oxidation curve with weight
increase and decrease occurs. For Ni-48.3A1-0.1Zr, the time is
even longer; at the oxidation temperatures of 1150 and
1100 °C, after 3000 cycles the weight still increases, and at
1200 °C a “complete” cyclic oxidation curve arrives after 2000
cycles. For this type of alloys, it is impossible to obtain the
cyclic oxidation curve experimentally at the relatively low
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temperatures, when time and cost are concerned. In this case,
the micromechanics-based model being discussed exhibits its
advantages.

In order to best fit the experimental data, the model
parameter, oxide crack density exponent, m, is necessarily
revised through a trial-and-error procedure as opposed to its
initial evaluation expression, Eq 11. As shown in Table 3,
Cr,05 as oxide protective scale on DH-245 has the least error
in revising m. The error of m after revising for NiAl is 76.2%.
For Ni30Cr, the error of m is 78.8% and for Ni-48Al1-0.1Zr, m
has the largest error of 91.3%. These large errors manifest that
Eq 11 is almost invalid to determine the value of m.
Therefore, it demonstrates that either oxide growth formulae
or oxide spallation mechanism used in the Chan’s model
needs necessary modifications, and such work is under
progress.
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5. Conclusions

The micromechanics-based cyclic oxidation model given by
Chan (Ref 23) was applied to study the cyclic oxidation
behavior of four selected alloys, where either Al,O3 or Cr,O3
layer is formed as protective scales at high temperatures. A
‘complete’ weight change curve representing both oxide growth
and spallation steps is necessarily required to derive the model
parameters, with which the model can predict the oxidation
behavior of the alloy at different temperatures.

The model parameter, oxide crack density exponent, needs
to be revised through a trial-and-error procedure as opposed to
its initial evaluation expression, in order to best fit the
experimental data, and the errors are remarkable. Therefore,
the theoretical equation for determining the parameter is almost
invalid.

Comparing the cyclic oxidation behavior between NiAl and
NiCr alloys, it is found that Al,O5 is more stable than Cr,O3 on
the alloy surface at high temperatures, since Cr,O3 is more
prone to spall.
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Fig. 9 NiAl alloy coating after exposed at 1050 °C for 1000 h (a)
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