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Abstract

Some alloys such as many Cr-based systems show mass gain discontinuities dur-
ing thermogravimetric measurements which strongly affect the oxidation kinetics. 
The behaviour cannot be described by the current models available in the literature. 
Thus, a novel k

para
–k

lin
-P-model was developed to describe oxidation kinetics dur-

ing the isothermal exposure of materials which show such behaviour. Beside the 
parabolic rate constant k

para
 and the linear mass loss constant k

lin
 , the P-value and fP 

are introduced to take into account spontaneous rapid mass gains due to local oxide 
scale failure. The parameter P serves as a measure for the mass gain due to discon-
tinuous events and fP is the frequency of such events. The both parameters can be 
related to oxide scale detachment and growth stresses. The application of the model 
is demonstrated for the oxidation of Cr–Si-based alloys in synthetic air at 1200

◦
C 

for 100 h. For these alloys, the origin of the mass gain discontinuities is discussed 
and the meaning of P and fP is explained in more detail. Using this newly developed 
model, an insight into growth and nitridation resistance of oxide scales as well as 
scale adhesion is gained.

Keywords Thermogravimetric analysis · Kinetic model · Cr–Si alloys · Protective 
scale formation · Nitridation

Introduction

High temperature materials always show a certain amount of degradation dur-
ing exposure in oxidising or corroding environments. To decrease this degrada-
tion, such materials are designed to form protective oxide scales which have high 
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thermodynamic stability, a low growth rate, and high adherence to the underly-
ing substrate [1]. To investigate the growth and stability of such oxide scales, 
cyclic or isothermal tests during which the material’s mass change is recorded, 
are widely used. Thermogravimetric analysis (TGA) records the mass change 
in situ during isothermal exposure and is a standard method to identify the growth 
kinetics of the formed oxides. However, as shown for the oxidation of pure Cr in 
Fig. 1, the determination of growth kinetics can be challenging in the case dis-
continuities in TGA curves occur.

In the case of Cr such fast and spontaneous mass gains, called mass gain dis-
continuities in the following, where the rate of oxidation rises much faster in a 
short time than the rate for longer time periods are explained by local oxide scale 
failure [5–8] due to the release of growth stresses [3]. Scale spallation can occur 
during exposure or during cooling even though the oxide’s growth kinetics are 
considered to show protective behaviour. Taking into account or even predict-
ing oxide scale spallation is challenging, since it not only depends on oxide-scale 
adherence, but also on the intensity of stresses (growth stresses and stresses due 
to thermal expansion coefficient mismatch), on the thickness, mechanical prop-
erties of the oxide scale and mechanical demands on the substrate. So far the 
investigations in the literature, mostly refer to scale spallation caused by ther-
mal shock; for example, the determination of the critical temperature drop before 
spallation occurs is determined in [9–11]. Even in the case of the more thor-
oughly investigated thermal stress, a gap between the measurements of physical 
data (oxidation kinetics, interfacial energy, growth stresses, coefficients of ther-
mal expansion, mechanical properties of the alloy and of the oxide,...) and the 
cyclic-oxidation test exists and further scientific work is necessary [12, 13].

Fig. 1  Mass change measurements of pure Cr during oxidation in synthetic air or pure oxygen. Taken 
from + [2], * [3], and # [4]
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However, to the best of the authors knowledge, all known models describing 
oxidation kinetics do not take into account mass gain discontinuities during iso-
thermal exposure. To meet the need for a description of materials showing inten-
sive mass gain discontinuities during isothermal exposure, a new model—the k

para

–k
lin

-P-model—was developed. In this model, in addition to the well known para-
bolic rate constant kp (named k

para
 ) and the linear mass loss constant k

v
 (named k

lin
 ) 

in case of the formation of volatile reaction products, the perturbation value P and 
the perturbation frequency fP are introduced to quantify the mass gain discontinui-
ties and thereby oxide scale failure. The applicability of the model and its relevance 
is demonstrated for the oxidation of Cr–Si-based alloys.

Parabolic and Paralinear Oxidation Kinetics

In the field of high temperature materials parabolic oxidation kinetics of the mate-
rial are desired as a sign for the formation of protective, dense, homogeneous, and 
slow growing oxides. In the case of parabolic oxidation kinetics, the parabolic rate 
constant kp can be determined from TGA experiments using Eq. 1 with n = 0.5 and 
compared to other materials. Common oxides which grow in a parabolic manner 
and therefore which are considered as protective in high temperature applications 
are Cr

2
O

3
 , SiO

2
 , and Al

2
O

3
 . It has to be mentioned that even though Eq. 1 refers 

to Wagner’s parabolic rate law [14], several of Wagner’s assumptions are usually 
not fulfilled by the oxidation of metals and alloys at high temperatures (for example 
the exclusive scale growth by bulk self-diffusion of ionic species as usually grain 
boundary diffusion is the dominating transport mechanism [15]). Especially for 
Al

2
O

3
 and Cr

2
O

3
 scale growth, sub-parabolic growth with n < 0.5 is found [16–18]. 

However, at high temperatures, it is commonly assumed that protective scale growth 
can be sufficiently described with n = 0.5 [19].

�m = mass change, A = surface area, t = time, n = exponent generally ≤ 0.5.
kp in units of g

2∕n

cm4∕ns
 is understood as a constant for the oxide formation of a certain 

material, however, the values scatter, for example for the oxidation of pure Cr, by 
two orders of magnitude at temperatures above 1000

◦
C [20]. In this case, deviation 

from ideal bulk self-diffusion controlled oxide growth by ionic species and vacan-
cies [21, 22] plays a minor role. The main reason is that several other phenomena 
may occur:

• evaporation effects [23–25]
• the formation of other species such as Cr

2
 N at T ≥ 1000

◦
C [26–28]

• experimental factors such as surface roughness, gas flow [5, 21, 29, 30], gas 
composition [2, 3, 30]

• the substrate material composition and microstructure (impurities in the material 
[31–33], grain orientation, grain size [34])

(1)
�m

A
= (kp ⋅ t)n
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• the appearance of the oxide scale (short circuit diffusion paths [15, 31], grain 
boundaries and size [5, 35, 36], cracks, scale wrinkling, delamination, spallation 
of oxide scale [3, 6])

• different techniques to determine kp (for example TGA [37, 38], oxide scale 
thickness measurements [20, 39], or theoretical calculations based on diffusion 
constants [34])

• increase in surface area by oxide growth and wrinkling

One huge improvement in describing the oxidation kinetics of materials which form 
additional volatile species is the assumption of paralinear kinetics rather than para-
bolic kinetics. In this case, the mass gain following parabolic kinetics and the mass 
loss following linear kinetics are superimposed. Such kinetics can be described with 
Tedmons paralinear rate law for scale thickness [40] which can be transferred into 
the technical approach describing the mass gain shown in Eq. 2 [41]. In comparison 
to Eq. 1 n is set to 0.5 in this case. For Cr and its alloys mass loss due to evapo-
rating species becomes relevant at temperatures greater than 1000

◦
C and close to 

normal pressure [7, 42–46] because volatile species such as CrO
3
 form as well as 

solid Cr
2
O

3
 [23–25]. For a more detailed discussion of the difference between this 

technical approach and Tedmon’s theory with respect to Cr and its alloys the reader 
is refereed to [28].

k
v
 = volatilisation rate in unit of g

cm2s

The kpara–klin‑P‑Model

Based on the experimental observation (compare Fig. 1) schematics of paralinear 
oxidation kinetics with one or more mass gain discontinuities are shown in Fig. 2. 
In addition, the related appearance of the oxide scale and the proposed mech-
anism of scale healing is schematically shown in Figure  3. The different steps 

(2)
�m

A
= (kp ⋅ t)0.5 − kv ⋅ t

m
a
s
s
 g

a
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u
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a
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Fig. 2  Schematic of oxidation kinetics a with one and b with two mass gain discontinuities in oxidising 
atmospheres. (I) marks the kinetics at the beginning of exposure, II) shortly before the mass gain discon-
tinuity, (III) the rapid mass gain during the discontinuity, and (IV) the kinetics after time t

2
 . A schematic 

of the mechanism can be found in Fig. 3. P refers to the shift of the paralinear oxidation kinetics due to 
the discontinuities
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marked with I–IV in Fig. 2a are explained in the following: (I) At the beginning 
of exposure a thin oxide scale forms following paralinear kinetics as described 
in Eq. 2. Due to the formation of a continuous barrier between metallic substrate 
and surrounding reactive atmosphere, the oxide scale growth slows down with 
exposure time. (II) Due to growth stresses the oxide detaches from the metallic 
substrate and scale wrinkling occurs. In the case certain elements in the metallic 
substrate exhibit high partial pressures (e.g. Cr), the gap between metal and oxide 
is filled with gaseous metal species which are not oxidised due to the low oxy-
gen partial pressure below the oxide scale. (III) Subsequently, increasing stress 
leads to scale failure. Two possible failure mechanisms are shown schematically 
marked with a) crack formation or b) areal scale spallation in Fig. 3. Scale failure 
at exposure time t

1
 leads to local, time-limited exposure of the metal surface to 

the surrounding atmosphere and therefore to a rapid reaction of metal and atmos-
phere. Rapid mass gain occurs comparable to the beginning of the exposure until 
the oxide scale is fully closed again. IV) After t

2
 the scale has fully closed again 

and the scale growth is comparable to a scale without crack formation. The scale 

(a) (b)

(c) (d)

(e) (f)

Fig. 3  Mechanism of oxide scale appearance in the case of oxide growth kinetics with spontaneous rapid 
mass gains in oxidising atmospheres. The steps are correlated to the kinetics shown in Fig. 2. A detailed 
description can be found in the text. Up from step III it is distinguished between the two failure mecha-
nisms occurring during isothermal exposure in an oxidising environment: a crack formation and b areal 
scale spallation. In addition in Fig. 3c length and height of the blister are marked with 2 c* and h, respec-
tively. (Color online)
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growth rate is comparable to that of an ideal paralinear growth without the occur-
rence of a mass gain discontinuity (compare dotted curve in Fig. 1).

As shown schematically in Fig.  2 and in the experimentally determined TGA 
curves in Fig. 1, the sum of rapid mass gains over the whole oxidation time leads 
to a shift of the mass change per time curves towards higher mass change/surface 
area values. In the newly developed model, the total offset is called the P-value and 
it is assumed that this rapid mass change has no effect on the intrinsic kinetics of 
the oxide growth up from a certain time ( t

2
 and t

3
 in Fig. 2). The latter is taken into 

account by determining the parabolic rate constant and the linear mass loss constant 
from Eq. 2 after subtracting P, hence, independently of the mass gain discontinui-
ties (dotted black curves in Fig. 2). To mark the use of the newly developed model, 
kp and k

v
 are renamed to k

para
 and k

lin
 , respectively. The overall mass gain from the 

discontinuities is given by P
t
 after oxidation time t. The frequency of perturbation 

over oxidation time is given by fP . By introducing both parameters, two new meas-
ures for investigating the oxide scale attachment and the induced growth stresses can 
be obtained from TGA measurements and be used to describe and compare different 
behaviours.

The assumptions made to determine the parameters of the k
para

–k
lin

-P-model can 
be summarised as follows: 

1. The mass gain discontinuities are caused by local oxide scale failure.
2. The oxide scale is fully closed after the discontinuity (step IV in Fig. 3).
3. During a discontinuity, rapid mass gain occurs but is not an intrinsic change of 

the overall oxide growth mechanism (step IV in Fig. 2a).
4. The growth of the newly formed oxide follows paralinear growth kinetics [3, 45, 

47]. After a discontinuity the mass change again follows paralinear kinetics after 
a certain time ( t

2
 , t

3
 ) as schematically shown in Fig. 2, step IV [3, 45, 47]).

Explanation of Model Parameters

Parabolic Mass Gain

In contrast to Wagner’s theory and to oxidation kinetics descriptions using Eqs. 1 
or 2, the parabolic rate constant in the k

para
–k

lin
-P-Model is a superimposition of all 

mechanisms leading to parabolic mass gain. To point out this difference, the param-
eters are named with k

para
 and k

lin
 instead of kp and k

v
.

Linear Mass Loss

Evaporation of volatile species is assumed to follow a linear rate law which is taken 
into account by −k

v
⋅ t in Eq.  2. For detailed investigations of the effects of gas 

flow, pressure, gas composition, and the comparison of different rates the reader is 
referred to [48–51]. In this work, it is assumed that also the superimposition of all 
volatile species formed follows linear kinetics.
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The P‑value

P is a measure for the mass gain as well as for the volume of the gap which formed 
at the metal/oxide interface by scale wrinkling and buckling during isothermal expo-
sure. Assuming a circular shaped defect, more specifically a spheroid, the volume of 
the gap can be determined by (compare Fig. 3c):

c
∗ = effective defect radius, h = gap height.

c
∗ is comparable to the critical defect size of blisters after Griffith theory of frac-

ture as it is used in calculating the oxide scale failure due to stresses in the oxide 
scale [52]. Similarly, the effective defect size is not only the physical defect size 
but also includes interactions with several defects in the case they are adjacent to 
each other [53]. Beside oxides, the P-value also depends on the formation of other 
species leading to mass gains i. e. carbides or nitrides. Hence, P is directly pro-
portional to the concentration of oxygen in the surrounding atmosphere (given by 
p(O

2
) ) and the concentration of other reactive species which could cause a mass 

gain (e.g. CO or N
2
 ). The effect of such reactive species can be assessed with their 

total partial pressure p(Rgas) . Furthermore, in the case of the predominant formation 
of oxide species which are conventionally considered to be protective, the closing 
time tclose(p(O2

)) of the crack is inversely proportional to the oxygen partial pressure 
as more oxygen available which enhances the reaction and leads to faster crack clos-
ing. And the faster the crack is closed, the less the reactive species, including O

2
 , 

can be in contact with the metal surface. Hence, P is proportional to the time until 
the crack closes ( tclose(p(O2

)) ) and in turn also inversely proportional to the oxygen 
partial pressure p(O

2
) . Using Eq. 3, this leads to following relationship for the mass 

gain during one mass gain discontinuity:

K1,2 = constants
p(O

2
) = oxygen partial pressure in the surrounding atmosphere

p(Rgas) = partial pressure of reactive species (excluding oxygen) in the surround-
ing atmosphere

P
t
 after a defined time t is given by the summation of all individual mass gain 

discontinuities (Eq. 4) with:

n = number of mass gain discontinuities until time t
Including this into Eq. 2, the overall mass gain at a specific time t can be deter-

mined by:

(3)Vgap =
4�

3
c∗2

⋅ h

(4)

P
1Pert =K

1
⋅ Vgap ⋅ (p(Rgas) + p(O

2
)) ⋅ tclose(p(O2

))

=K
2
⋅

4�c∗2
⋅ h ⋅ (p(Rgas) + p(O

2
))

3 ⋅ p(O
2
)

(5)P
t
=

n
∑

i=0

P1Pert,i
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The frequency fP of the rapid mass gains is an important additional parameter. It 
is a measure for how often a critical stress is reached in the oxide scale as well as 
for the attachment of the scale. However, with respect to the k

para
–k

lin
-P-model this 

parameter is not necessary to determine the overall mass change during exposure. 
fP is understood as a measure which can be used to obtain more insight into the 
microscopic events leading to mass gain discontinuities. The frequency is important 
to consider, for example, in the case of investigations aiming to improve oxide scale 
adhesion by alloying. fP depends on the growth stresses in the oxide scale and the 
metal/oxide interface energy and can be therefore be described with:

#P = number of mass gain discontinuities over time t, K
2
 = constant, �

i
 = interface 

energy metal/oxide, �c =
KIc

f
√

�c
 = critical stress as calculated in [54], K

Ic
 = fracture 

toughness, c = effective length of the defect, f = geometric constant (usually ≈ 1).

Distinction from Other Models

In contrast to other models describing the mass change over oxidation time, the 
k

para
–k

lin
-P-model is used to describe oxide scale failures (spallation and crack-

ing) during isothermal exposure. Other models and algorithms which are used for 
material lifetime predictions and which take into account scale spallation, such as 
COSP (Cyclic Oxidation Spalling Program) [55, 56] and the p–kp-model [57], refer 
to cyclic oxidation tests and spallation during cooling which is caused by thermal 
stresses. COSP is based on experiences with the oxidation behaviour of many NiAl-, 
NiCrAl, and superalloys. During several years of work the mechanism of oxidation 
and oxide scale spallation during cyclic exposure was investigated and important 
variables, later included into the COSP model, were identified [58–61]. The model 
is based on the assumptions (i) of a constant area of spalled oxide per oxidation 
cycle, (ii) parabolic growth of the oxide scale, and (iii) that spallation only occurs at 
the metal/oxide interface. However, it was also shown that the spalled area is a func-
tion of oxide thickness and therefore of exposure time which leads to inaccuracies. 
Spontaneous oxide scale spallations can be included in the model using Monte Carlo 
simulations and Poquillon’s p–kp-model describes scale failure at the substrate/oxide 
interface during cyclic exposure. The oxide growth is assumed to follow a parabolic 
rate law with the parabolic rate constant kp and the constant p, the probability for 
oxide spalling.

The software COREST describes the oxidation kinetics of Cr
2
O

3
 formers dur-

ing isothermal exposure [62]. Originally, it was developed for lifetime predictions of 
materials showing paralinear oxidation kinetics. Oxide scale spallation is also taken 
into account but not as spontaneous events which are described by an additional 

(6)
�m

A
(t) = (kpara ⋅ t)0.5 − klin ⋅ t + Pt(t)

(7)fP =

#P

t
= K

2
⋅

�c

�i
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parameter but rather as a part of the overall determined kp and k
v
 values. A compara-

ble method for determining kp and k
v
 of the oxidation of Cr during exposure at high 

temperatures was used in several previous studies [19, 39]. The mass change curves 
were fitted by a paralinear term over the duration of the experiment despite rate 
changes during rapid mass gain discontinuities. This approach results in higher kp 
(and k

v
 ) values compared to those determined in this work by the k

para
–k

lin
-P-model 

which not only considers reactions leading to parabolic growth. To handle this prob-
lem, other authors solely used the time to the first mass gain discontinuity to charac-
terise the paralinear kinetics [45, 63]. However, the oxide scale detachment from the 
metal cannot be described in this case as it is done using the value P.

The main difference between the k
para

–k
lin

-P-model and previous models is the 
consideration of scale spallation as a statistical event during isothermal exposure 
which is no longer restricted to cooling events. P and fP can now be used as addi-
tional parameters to quantify the influence of scale detachment and spallation on 
kinetics. The influence of different alloying elements on the oxidation resistance of 
Cr and its alloys can be investigated in more detail. Additionally, P is not limited 
to spallation events at the metal/oxide interface, but all scale failures which lead to 
mass gain discontinuities are taken into account.

Relevance for Cr‑Base Alloys

While pure Cr is not relevant for many industrial applications, Cr-alloys espe-
cially based on the Cr–Si-system are considered as promising candidates to with-
stand working temperatures of high temperature applications beyond the commonly 
used Ni-base superalloys. In this work, the determination of oxide growth kinetics 
using the k

para
–k

lin
-P-model is exemplified shown for oxidation tests of pure Cr and 

the alloys Cr
91

Si
9
 , Cr

91
Si

7
Ge

2
 , Cr

91
Si

7
Pt

2
 , and Cr

91
Si

7
Mo

2
 (in at.%) at 1200

◦
C in 

synthetic air. The microstructure and the oxidation performance of these alloys is 
already discussed elsewhere [4, 64, 65]. In Cr-based alloys not only the appearance 
of discontinuous mass gains but additionally, the formation of other phases beside 
Cr

2
O

3
 occurs. In oxidising atmospheres additional SiO

2
 forms at the scale/metal 

interface [45, 66]. Depending on the alloy composition (at 1200
◦
C with more than 7 

at.% Si [4]) an additional oxide layer of SiO
2
 arises. Furthermore, the formation of 

brittle Cr
2
 N in the subsurface region below oxide scales is a well-known character-

istic from oxidation experiments of Cr-based alloys in nitrogen containing atmos-
pheres such as air at T > 1000

◦
C [20, 67]. The latter is understood as one of the 

main drawbacks of Cr-based alloys for their consideration as structural materials in 
high temperature applications. Hence, the formation of other species besides Cr

2
O

3
 

have to be included in a model to consider oxidation kinetics and the amount of 
material attack. As the formation of a pure SiO

2
 scale as well as inner oxidation fol-

lows a parabolic law [1, 68], the formation of SiO
2
 on Cr–Si-based alloys is covered 

by k
para

 . The higher thermodynamic stability of SiO
2
 but the lower concentration of 

Si in the alloy leads to the formation of SiO
2
 in the region of a lower oxygen partial 

pressure, which is below the stability of Cr
2
O

3
 . As its formation still depends on 

oxygen diffusion through the scale, SiO
2
 also grows continuously. On the contrary, 
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the mechanism of Cr
2
 N formation on Cr and its alloys and therefore its influence on 

the kinetics is still under debate. In this case, the application of the k
para

–k
lin

-P-model 
led to further insight which will be described later.

Additionally, the formation of volatile species such as CrO
3
 , Cr, and in wet 

atmospheres CrO
2
(OH)

2
 and CrO

2
(OH) is covered by the parameter k

lin
 . Consider-

able amounts of volatile CrO
3
 form at temperatures higher than 1000

◦
C [23]. In the 

presence of water vapour, H
2
 O reacts with Cr

2
O

3
 forming volatile chromium oxyhy-

droxides measurable in the weight change at temperatures higher than 600
◦
C [69]. 

This reaction follows linear mass loss kinetics [70, 71] and affects Cr depletion in 
combustion environments [72]. Furthermore, Cr has a high vapour pressure itself. 
For example, at temperatures above 825◦C and normal pressure the Cr partial pres-
sure at the oxide/metal interface is comparable to the partial pressure of CrO

3
 at 

the oxide/gas interface [37, 73]. Hence, the evaporation of Cr also has to be taken 
into account at least at low oxygen partial pressures. It has to be mentioned that the 
transport of volatile Cr species which form in the Cr/Cr

2
O

3
 gap is rather fast and 

does not affect the oxide growth rate and therefore the parabolic oxidation constant 
k

para
 at temperatures above 1000

◦
C [6].

Application of the Model

TGA measurements at 1200
◦
C published in [4] are shown in Figs. 4 and 5 for dif-

ferent Cr alloys. In addition, so-called modified curves are displayed. These curves 
were obtained by subtracting the mass gains caused by perturbation events. For the 
modification, the rapid mass change per surface area is measured on each disconti-
nuity step as demonstrated for the Cr

91
Si

9
 alloy in Fig. 4. The curve is fitted linearly 
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Fig. 4  TGA measurements of the Cr
91

Si
9
 alloy at 1200

◦
C in synthetic air, after [74]. The original meas-

urement (named experimental measurement here) is shown as well as the experimental points modified 
by subtracting P to apply the k

para
–k

lin
-P-model. In green, the linear fits on both sides of one mass gain 

discontinuity are added to show how the P-value was determined. Additionally, paralinear fits which 
were used to determine the paralinear constants kp and k

v
 using equation are added 2. Note that the rate 

constants are named differently according to the used fitting method. (Color online)
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on both sides-left and right (green)—of the mass gain discontinuity and mass gain 
offset is determined at a certain time. The values of all offsets appearing during one 
thermogravimetric measurement (in this case during 100 h) are summarised and 
referred to as the P

100
 value in the following. The modified curves are fitted using 

the assumption of paralinear oxidation kinetics (Eq. 2) after removal of the disconti-
nuities as it is demonstrated in Figs. 4 and 5 for several Cr–Si-based alloys.

In Table  1, the fit parameters are listed. In [4] the paralinear oxidation 
parameters k∗

p
 and k∗

v
 of the same TGA measurements were determined by fit-

ting the mass gain characteristics to the first mass gain discontinuity assuming 
paralinear kinetics (Eq.  2). These values are marked with * in the following. 
Additionally, the parameters k

para
 , k

lin
 , P

100
 , and fP are listed which were deter-

mined using the k
para

–k
lin

-P-model. All parameters are compared in Table 1. The 
influence of Si, Ge, Mo, or Pt on the oxidation kinetics and performance are 
described in detail elsewhere [4] as this publication focuses on the different 

(a) (b)

(c) (d)

Fig. 5  TGA measurements at 1200
◦
C in synthetic air from [4, 74]. The investigation of the oxidation 

kinetics by using the k
para

—k
lin

-model is demonstrated for several alloys in this figure by showing the 
original measured curves (experimental measurement) as well as the modified curves (experimental 
points adjusted by P) and the final paralinear fits of the adjusted experimental curve. (Color online)
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models to describe oxidation kinetics. For an improved visualisation both para-
linear constants are shown in Fig. 6a, b. It is found that the different kinetics 
parameters - the ones determined using the k

para
–k

lin
-P-model and the ones from 

[4] determined assuming paralinear kinetics up to the first mass gain discon-
tinuity (denominated with *) - only differ slightly. Comparing the determined 
k

lin
 and k∗

v
 parameters in Table  1 it is found that they differ strongly in con-

tradiction to k
para

 and k∗
p
 . Additionally, the evolution of the mass loss rate k

lin
 

over time is displayed in Fig. 6c. Therefore, the experimental measurement was 
modified by subtracting P. Subsequently, the curves were fitted up to selected 
times (x-axis in Fig.  6c) using Eq.  2. With this method, k

lin
 was determined 

after different times. Interestingly, a convergence of k
lin

 over time is found for 
each alloy which slightly differs depending on the alloy composition. No values 
are shown for the Cr

91
Si

7
Pt

2
 composition as this alloy tends to show rather lin-

ear mass gain kinetics instead of mass loss (for a more detailed description and 
investigation see [4]).

Table 1  Overview of the fit parameters obtained using the k
para

–k
lin

-P-model and other fit approaches 
based on Eq. 2

The constants are named differently depending on the approach which was used. k
para

 and k
lin

 were 
obtained using the newly developed model, kp ∗ and k

v
∗ were taken from [4] by fitting until the first 

mass gain discontinuity. For a visualisation of the different fit approaches, it is referred to Fig. 4

Used approach k
para

–k
lin

-P-model: �m

A
= (kpara ⋅ t)0.5 − klin ⋅ t

Alloy k
para

 in 
10−11g2cm−4s−1

k
lin

 in 
10−9gcm−2s−1

P in 
10−3gcm−2

fP100h in 10−2
h
−1 Adj. �2

Cr 312.9 60.8 11.9 3 0.92

Cr
91

Si
9

35.8 13.5 2.1 2 0.97

Cr
91

Si
7
Ge

2
8.6 7.1 0.7 1 0.93

Cr
91

Si
7
Mo

2
6.7 2.6 1.7 2 0.99

Cr
91

Si
7
Pt

2
4.7 −1.8 1.1 2 0.99

Used approach Paralinear fit until first mass gain discontinuity: �m

A
= (k∗

p
⋅ t)0.5 − k∗

v
⋅ t

Alloy k∗
p
 in 

10−11g2cm−4s−1

k∗
v
 in 

10−9gcm−2s−1
Adj. �2

Cr 323.9 0 0.92

Cr
91

Si
9

23.2 2.3 0.96

Cr
91

Si
7
Ge

2
9.4 14.2 0.75

Cr
91

Si
7
Mo

2
6.3 0 0.96

Cr
91

Si
7
Pt

2
4.1 −24.0 0.82
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New Insights Gained into Oxidation Mechanisms of Cr‑Alloys Using 
the kpara–klin‑P‑Model

Parabolic Rate Constant

As shown in Fig. 6a k
para

 and k∗
p
 only differ slightly. Hence, the parabolic rate con-

stant determined up to the first mass gain discontinuity is comparable to the para-
bolic rate constant determined using the k

para
–k

lin
-P-model and measurements up to 

100 h of oxidation in this case. To explain these findings, the insights gained into the 
mechanism of oxidation and nitridation of Cr and its alloys will be shortly reviewed 
and discussed in more detail.

Recently, it was proposed that N-transport through the oxide scale is controlled 
by molecular N

2
 transport via microcracks and defects in the oxide scale rather than 

by diffusion controlled transport [2, 8]. For the molecular transport, two mechanisms 

(a) (b)

(c)

Fig. 6  In 6a and 6b the differently determined kp and k
v
 values are shown for all analysed alloy com-

positions. These figures visualise the values listed in Table  1 which were determined using different 
approaches. In 6c the volatilisation rate determined by fitting the experimental points adjusted by P up to 
a certain time is shown for different alloys. This graph displays the convergence of k

lin
 over time for each 

alloy composition. (Color online)
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are described [8]: i) dynamic micro-crack formation-healing process which is a con-
tinuous process of microcrack formation and healing and ii) wrinkling mechanism 
which is based on the deformation of the oxide scale. Interestingly, only Cr

2
O

3
 and 

no Cr
2
 N could be detected until the first mass discontinuity [8], hence, the Cr

2
O

3
 

scale seems to be intrinsically protective against nitrogen. This results in the con-
clusion that Cr

2
 N forms during scale spallation and during the recorded mass gain 

discontinuities rather than continuously during the whole exposure time. Previous 
investigations on Cr alloyed with reactive element oxides support the theory of an 
intrinsically protective Cr

2
O

3
 scale [75]: Cr alloys with low additions of reactive ele-

ments showed a correlation between oxide scale attachment and nitridation; a scale 
with increased attachment to the metal substrate was found to lead to lower nitri-
dation. Furthermore, TGA measurements of Cr

99.9
Zr

0.1
 (in at.%) alloy for 20 h at 

1050◦C in synthetic air showed no mass gain discontinuity even though the oxide 
scale was mostly detached from the surface and wrinkled. Only after longer expo-
sure times and after recorded mass gain discontinuities a Cr

2
 N layer was found in 

the subsurface region.
To sum up these findings regarding the exposure of Cr-based alloys to synthetic 

air:

• rapid mass gain discontinuities are only attributed to a scale cracking event as it 
is shown in Figs. 2 and 3

• the parabolic rate constant k
para

 (or k∗
p
 in the case of fitting mass change curves 

until the first mass gain discontinuity) solely refers to the oxide scale growth and 
excludes Cr

2
 N formation.

The advantage of determining the parabolic rate constant with the newly developed 
k

para
–k

lin
-P-model is that, depending on the time until the first mass gain discontinu-

ity occurs, more measurement points are available for fitting which in turn increases 
the accuracy.

Volatilisation

Comparing the determined k
lin

 and k
v
∗ parameters in Table 1, it is found that they 

differ strongly in contradiction to k
para

 and kp ∗ . A tendency of the linear volatil-
isation rates to converge over time is found for the majority of the investigations 
(compare Fig. 6c). There is a certain time threshold above which a sufficiently exact 
and constant volatilisation rate can be determined, since, the evaporation rate can 
only be determined after comparable long oxidation times. This observation has to 
be investigated in more detail in future. The reason for the occurrence of such dif-
ferent evaporation constants is due to more accurate fitting (existence of more data 
points) in the first place but also due to large oxide growth at the beginning of oxida-
tion which suppresses the determination of other effects such as evaporation. Using 
the k

para
–k

lin
-P-model for describing oxidation kinetics no longer a fit until the first 

mass gain discontinuity (which sometimes happens after less then 10 h) is taken into 
account but a much longer time, the whole TGA measurement which is in this case 
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100 h. This improves the comparability of the evaporation constants and therefore 
the investigation of the effect of volatile oxide species formation during oxidation.

Mass Gain Discontinuities

Solimani et  al. [8] recently investigated the phase formation in the surface region 
of pure Cr during the exposure at 1050◦C in laboratory air using XRD in combina-
tion with dilatometry to measure the length change. An increase in phase fraction of 
1.5 wt.% and 9 wt.% for Cr

2
O

3
 and Cr

2
 N, respectively, were found during the first 

rapid expansion. This event is comparable to the first mass gain discontinuity during 
TGA. Therefore, 83% of the mass gain during the first sample expansion and there-
fore first TGA discontinuity is related to the formation of Cr

2
 N [8]. Interestingly, the 

fraction of Cr
2
 N formation (83%) is close to the fraction of N

2
 in air (78%). Assum-

ing the difference between both values is attributed to measurement inaccuracies, 
the P-value can be estimated using the following equation:

m(X) = mass of species X
A = exposed surface area
�(O

2
) = volume fraction of O

2
 in surrounding atmosphere

In the case of synthetic air �(O
2
) is set to 21%. As previously discussed k

para
 rep-

resents the growth rate of the oxide scale and is most probably not affected by nitri-
dation. Hence, the mass gain caused by nitridation is only addressed by the P-value. 
Using Eq. 8, the formation of brittle Cr

2
 N in the subsurface zone can be estimated 

by only taking the P-value into account. This method is a non-destructive analysis 
method and therefore offers further possibilities of subsequent investigations of the 
oxidised material.

Oxidation and Nitridation Mechanism of Cr and its Alloys

Figure  7 shows the proposed mechanism of combined oxidation and nitridation 
of Cr and its alloys (comparable to Fig. 3). (I) Initially, a thin attached oxide scale 
forms following paralinear kinetics. (II) During the ongoing exposure and Cr

2
O

3
 for-

mation high growth stresses tend to develop since the Pilling–Bedworth ratio is 2.05 
for Cr

2
O

3
 formation on pure Cr [1]. Thus, the volume more than doubles by oxidis-

ing the metal substrate. Additionally, the defect structure of Cr
2
O

3
 strongly depends 

on the oxygen partial pressure leading to oxygen and chromium counter diffusion 
[76–79]. Therefore, vacancies recombine within the scale causing pore formation 
and new Cr

2
O

3
 forms on both scale interfaces and grows simultaneously parallel and 

perpendicular to the metal surface [21, 80]. All this leads to large stresses within 
the oxide scale. As the Cr/Cr

2
O

3
 interface is intrinsically weak [52, 81], stresses 

are released by scale detachment and scale wrinkling [3]. In the case of scale wrin-
kling the Cr

2
O

3
 scale detaches from the metal surface and volatile Cr(g) fills the gap. 

The volatile Cr is not immediately oxidised because the oxygen partial pressure at 

(8)P =
m(Cr

2
O

3
) + m(Cr

2
N)

A
with m(Cr

2
O

3
) = �(O

2
) ⋅ m(Cr

2
N)
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the oxide/metal interface is too low [6]. (III) In the case of an oxide scale failure 
event after wrinkling, O

2
 and N

2
 can enter the formed crack and the gap below the 

oxide scale. Due to the observations made in previous works, crack formation is 
considered as the dominant mechanism for stress growth release for Cr and its alloys 
and therefore solely considered in this description. [8, 74, 75, 82]. In this case, the 
oxygen partial pressure rises locally at the metal surface. The volatile Cr(g) which 
previously filled the gap and the metal surface is oxidised which closes the crack 
again. The increased Cr

2
O

3
 formation leads to an increased mass gain for the time 

the crack is closing. Additionally, N
2
 which previously entered the gap, reacts with 

Cr and forms Cr
2
 N [8]. The formation of Cr

2
 N depends on (i) the area of uncovered 

metal surface and thereby the detachment of the oxide scale during wrinkling and 
(ii) the tendency to form cracks in the oxide scale to enable nitrogen access. The 
rapid mass gain ends when the formed oxide scale closes (IV in Fig. 7) and when all 
nitrogen trapped in the gap is consumed to form Cr

2
N.

Limitations and Future investigations

The model can be easily implemented for the analysis of isothermal thermogravi-
metric experiments which are also the classical method to record spontaneous mass 
gain discontinuities. At present, investigations on the effect of spontaneous and local 
mass gains on oxidation kinetics are limited. Therefore, lifetime prediction using the 
k

para
–k

lin
-P-model are challenging. Up to now P and fP were only compared after a 

certain oxidation time (in this work 100 h). To predict the material behaviour also 
for longer oxidation times a detailed investigation of the link between the mass gain 
in relation to the number of mass gain discontinuities P

fP
 and the oxidation time is 

necessary. For a prediction, a constant ratio P
0

fP0
 and corresponding probability has to 

(a) (b)

(c) (d)

Fig. 7  Mechanism of combined oxidation and nitridation in the case of oxide growth kinetics with mass 
gain discontinuities. The different steps (I to IV) refer to Fig. 2. This mechanism is based on the descrip-
tions in [2, 8, 74]. (Color online)
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be determined. P shows the tendency to increase with increasing time (compare 
Figs. 1, 4, and 5) and also with increasing time intervals between two mass gain dis-
continuities. However, up to now, it is not clear which rate law K(t) the ratio of P

0

fP0
 

follows. This has to be investigated in detail in future by determining P and fP after 
different oxidation times. Knowing K(t), kinetics including mass gain discontinuities 
can be predicted by modifying Eq. 6:

At present, the model is most useful post-exposure for a better understanding of oxi-
dation and nitridation mechanisms of Cr-based alloys. The application to other sys-
tems showing the formation of volatile species during oxidation, oxide scale failure, 
or change in subsurface zone composition due to the reaction with the surrounding 
atmospheres (carbide or nitride formation) has to be demonstrated.

Conclusions

In this work a novel approach to describe oxidation kinetics of materials showing 
paralinear behaviour interrupted by rapid mass gain discontinuities is introduced. 
This model includes the determination of a parabolic rate constant (named k

para
 ) and 

a volatilisation rate (named k
lin

 ). The k
para

 value displays the parabolic growth of the 
oxide scale independently of the number of formed oxide species. k

lin
 is the linear 

evaporation rate of all formed volatile oxidation products. The novelties which dis-
tinguishes this model from previous approaches are (i) that k

para
 and k

lin
 are deter-

mined independently of the rapid mass gain discontinuities and (ii) the introduc-
tion of two further parameters, the P-value and its frequency fp , which describe the 
rapid mass gain events separately. The P-value gives the overall mass change of all 
discontinuity events, while fP describes the frequency of mass gain discontinuities 
during a certain oxidation time and can be used as a measure for oxide scale failure.

The application of the k
para

–k
lin

-P-model was demonstrated on the oxidation 
of pure Cr and Cr–Si-alloys for 100 h at 1200

◦
C in synthetic air. By using the 

developed model, it can be demonstrated that the intrinsic oxide growth kinetic, 
described by k

para
 and k

lin
 , can be separated from oxidation during scale failure 

events and Cr
2
 N formation in the subsurface region of the alloy which also causes 

mass gain. As Cr
2
 N formation only takes place during rapid mass gains, its effect 

on the kinetic is fully covered by the newly introduced P-value. Depending on 
the O

2
/N

2
 ratio in the surrounding atmosphere, the fraction of P covering Cr

2
 N 

formation can be determined. Besides the new insights gained into Cr
2
 N forma-

tion, the k
para

–k
lin

-P-model has the advantage that longer exposure times can be 
considered to determine the paralinear parameters k

para
 and k

lin
 . On the example 

of the evolution of the vaporisation constant over oxidation time it was demon-
strated, that considering longer exposure times increases the accuracy of the rate 
constants. Therefore, the application of the k

para
–k

lin
-P-model has the potential to 

(9)
�m

A
= (kpara ⋅ t)0.5 − klin ⋅ t + K(t)

P
0

fP0
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reduce the scattering of oxidation constants determined for alloys showing alter-
nating areas of different oxidations rates and two competing mechanisms.
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