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Abstract

The isothermal oxidation kinetics of as-cast Cu-17%Cr and Cu-17%Cr-5%Al in air were studied
between 773 and 1173 K under atmospheric pressure. These observations reveal that Cu-17%Cr-5%Al
oxidizes at significantly slower rates than Cu-17%Cr. The rate constants for the alloys were determined
from generalized analyses of the data without an a priori assumption of the nature of the oxidation
kinetics. Detailed analyses of the isothermal thermogravimetric weight change data revealed that Cu-
17%Cer exhibited parabolic oxidation kinetics with an activation energy of 165.949.5 kJ mol . In contrast,
the oxidation kinetics for the Cu-17%Cr-5%Al alloy exhibited a parabolic oxidation kinetics during the
initial stages followed by a quartic relationship in the later stages of oxidation. Alternatively, the
oxidation behavior of Cu-17%Cr-5%Al could be better represented by a logarithmic relationship. The
parabolic rate constants and activation energy data for the two alloys are compared with literature data to
gain insights on the nature of the oxidation mechanisms dominant in these alloys.

1. Introduction

Uncoated copper alloy combustor liners are used extensively in rocket engines primarily due to their
high thermal conductivity and suitable mechanical properties (Refs. 1 and 2). However, many of these
commercial copper alloys are prone to extensive oxidation at temperatures exceeding 673 K (Ref. 3).
Environmental damage of uncoated copper alloy liners, termed “blanching”, is observed in a liquid
hydrogen (LH;) and liquid oxygen (LOX) rocket engine due to repeated oxidation-reduction cycles of the
copper matrix (Ref. 2). As a result, the initially highly polished liner surface becomes very rough leading
to a degradation in the heat transfer characteristics of the engine. Repeated polishing of the liner surface
of a reusable launch vehicle (RLV) after each mission cycle results in a corresponding decrease in the
cross-sectional area of the cooling channels with a decreased ability to carry the mechanical stresses.
Thus, it is clear that a fundamental understanding of the oxidation behavior of copper and its alloys being
considered for use in rocket engines either as combustion liners or as coatings is desirable.

The oxidation of pure copper has been extensively studied by several investigators since the 1930’s
(Refs. 3 to 22). These studies have elucidated the oxidation rate kinetics for copper (Refs. 6 to 8, 10, 14 to
16, 19 and 22) while largely confirming the applicability of the Wagner’s parabolic oxidation rate theory
for this metal above 473 K (Refs. 14 and 15). More recent studies have focused on the effect of a second
phase on the oxidation kinetics of an almost pure Cu matrix (Refs. 20, 21, and 23 to 25). In this regard,
the Cu-Cr system has proved to be a model alloy system for these types of studies owing to the limited
solubility of Cr in Cu (Refs. 26 and 27). Several studies have demonstrated that Cu-Cr alloys generally
exhibit parabolic oxidation kinetics although the compositions of the oxide scales appeared to depend on
how the alloys were processed (Refs. 20 and 21) and their grain size (Refs. 20, 21, 23, and 25). Although
copper oxides have been reported in the surface scales after isothermal oxidation in these investigations,
there is less commonality in the observed results as to whether these alloys form a protective chromia
subsurface layer. This lack of consistency in the formation of a protective Cr,0O; is presumably due to
variations in composition, alloy processing and microstructures.
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Although Cu-17%Cr' (Ref. 25) and Cu-Cr alloys with Cr > 26% (Refs. 28 to 30) have been proposed
as protective coatings for copper alloy rocket engine combustion liners, there is an inherent danger in
relying on alloys which do not consistently form a continuous protective Cr,O5 scales as coatings.
Moreover, in developing coatings for copper alloy liners, it is especially important that the coating be
deposited by a commercially viable processing method, such as a thermal spray technique, to reduce cost.
Recent studies have demonstrated that vacuum plasma sprayed Cu-26%Cr overlay coated GRCop-84
(Cu-8at.%Cr-4%Nb) copper alloy substrates form blisters in a high heat flux H,/O, combustion flame
(Ref. 31). Further research has shown that while the oxidation resistance of the Cu-Cr alloys increase
with increasing Cr content, their oxidation behavior remains essentially identical when 40% < Cr < 55%
(Ref. 32).

Early research by Nishimura (Ref. 5) has demonstrated that the oxidation resistance of Cu-Al alloys
improves significantly with increasing Al content with the oxidation of Cu-Al being relatively
insignificant when the Al content increases above 5%. Later research on Cu-Al alloys also confirmed
these early observations (Refs. 33 to 40). Limited data published by Nishimura (Ref. 5)] on Cu-0.25-
1.0%Cr-8-10%Al alloys showed that the oxidation resistance of these alloys, while excellent, was
essentially independent of Al content.

Based on Nishimura’s early research (Ref. 5), it is intriguing to pose the question: How will Al
addition to Cu-Cr alloys change its oxidation behavior? It has been shown that Al and Cr act
synergistically in MCrAl coatings, where M is either Co, Fe or Ni, resulting in the formation of a
continuous, thermodynamically stable, protective Al,O; external scale at lower values of Al of 5% than in
binary M-Al alloys, where Al > 17% for the formation of the alumina scale (Ref. 41). Unlike the MCrAl
alloys, where both Al and Cr are in solid solution to a significant extent in the Co, Fe or Ni matrix, the
binary phase Cu-Cr and Cu-Al phase diagrams suggest that there is comparatively small dissolution of Cr
in Cu while Al dissolves up to 10% in Cu (Ref. 27). Similarly, the Cu-Cr-Al ternary phase diagram shows
that the solubility of Al in the a-Cr and a-Cu phases is relatively small in Cu-Cr-Al alloys containing
smaller amounts of Al but increases with increasing Al content in the two phase a-Cr/a-Cu region (Refs.
42 and 43). This raises the question as to whether the observed synergism between Al and Cr in the
MCrAl alloys in forming a protective alumina scale is also applicable to the Cu-Cr-Al system. Recently,
Niu et al. (Refs. 44 and 45) conducted limited studies on the oxidation behavior of Cu-2 to 4 (at.%)Al and
Cu-4 to 8 (at.%)Cr-2 to 4%Al alloys at 1073 K and reported the formation of an outer CuO external scale
and an Al,Oj; scale at the interface with the unoxidized matrix with a mixture of CuO and (Cr,Al),O;
transition subsurface layer lying in between the external and innermost scales. It was observed that the
continuity of the subsurface Al,O; alumina scale depended on the amount of Cr present in the alloy
although it was observed in all the Cr containing alloys. A major problem with this and other studies is
that the time for oxidation was typically 24 h, which maybe too short to establish steady-state oxidation
behavior. Recently, it has been demonstrated that a Cu-23%Cr-5%Al coating developed for rocket engine
applications provided excellent protection to the Cu-8 at.%Cr-4%Nb copper alloy substrate (Ref. 46).

The present two part paper compares the oxidation behavior of as-cast Cu-17%Cr and Cu-17%Cr-
5%Al alloys with the objective of understanding the role of Al in influencing oxidation behavior. An
examination of the phase diagrams shows that these are two phase alloys containing a-Cr and a-Cu
(Refs. 26, 27, 42, and 43). In this regard, the key question to be answered is: Does Al addition to the Cu-
17%Cr base alloy change the nature of the oxidation kinetics? The addition of 5% Al to the Cu-Cr
composition was governed by earlier observations on MCrAl alloys that this is the minimum amount of
Al required to form a protective alumina scale (Ref. 41). Thus, a second objective of this paper is to
determine if the scale composition and microstructural characteristics are significantly altered by this
amount of Al addition. There appears to be no previous research on the oxidation behavior of Cu-17%Cr-
5%Al. The first part discusses the kinetics of the oxidation behavior of the two alloys while details of the
scale compositions and microstructures are presented in the second part.

'All compositions reported in this paper are in wt% unless otherwise noted.
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2. Experimental Procedures

The Cu-17%Cr and Cu-17%Cr-5%Al alloys were prepared by arc-melting chunks of high purity Al,
Cr and Cu metals. These metals were carefully weighed in the appropriate amounts for the formulation of
the correct composition and each charge was melted in an arc-melter under flowing argon. Care was taken
in the melting procedures to ensure that each alloy preparation was remelted and flipped several times in
the arc melting furnace to homogenize the composition of the melt before casting it into a button. Each
button was then re-melted and drop cast into cylindrical copper molds to produce castings with the
dimensions of the cylindrical region below the hot top approximately 13 mm diameter and 50 mm long.
The alloys were homogenized annealed at 1223 K for 24 h under flowing argon to minimize elemental
segregation. Figures 1(a) and (b) show the optical microstructures of the Cu-17%Cr and Cu-17%Cr-5%Al
alloys, respectively, which essentially confirm that the alloys consist of two phases. Table 1 gives the
composition of the two alloys, where the main elements were determined by the inductive coupled plasma
(ICP) technique. Oxygen and nitrogen were determined by the inert gas fusion technique. In the case of
the Cu-17%Cr-5%Al alloy, it was found necessary to conduct several measurements in order to minimize
the effect of large segregated a-Cr particles on the results, where the weighted average from three
measurements are reported in Table 1.

TABLE 1.—COMPOSITIONS OF THE AS-CAST AND HEAT TREATED ALLOYS WITH
NOMINAL COMPOSITIONS OF Cu-17%Cr AND Cu-17%Cr-5%Al IN wt.%

Nominal composition Al Cr Cu Fe N o Remarks
Cu-17%Cr 0.05 | 15.6 | 84.2 | 0.0050 0.0003 | 0.0700 |Readings from one specimen
Cu-17%Cr-5%Al 478 | 17.8 | 774 | 0.0013 0.0002 0.0048 |Weighted average of three large pieces (> 400 mg)

Oxidation disk specimens 12.7 mm in diameter and 2 mm thick were sliced from the cylindrical
portions of each casting by wire electrodischarge machining (EDM). Although a number of specimens
were sliced from the ingots, it was observed that many had shrinkage porosity thereby limiting the
number of good specimens available for the oxidation tests. A 1.5 mm diameter hole was machined in
each specimen about 1.5 mm from the edge to allow it to hang from Pt wires in the furnace during
oxidation. The two faces of each specimen were polished to a final finish on 600 grit SiC paper to remove
the EDM damaged layers and ultrasonically cleansed in ethanol prior to oxidation. Isothermal oxidation
was conducted in a thermogravimetric analyzer (TGA) fitted with a Cahn-1000 microbalance, where the
change in weight of the specimen was periodically recorded as a function of time by a computerized data
acquisition system. The oxidation tests were conducted between 773 and 1173 K for 100 h under dry
flowing oxygen at 0.1 MPa, where the flow rate of the gas was 100 standard ccm. In the case of the Cu-
17%Cr specimens, tests were conducted at absolute temperatures, T, between 773 and 973 K since there
were insufficient good specimens to conduct tests at 1073 and 1173 K.

Figure 1.— Optical microstructures of as-cast alloys. (a) Cu-17%Cr. (b) Cu-17%Cr-5%Al.
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3. Results
3.1 Comparison of Weight Change Data

Figure 2(a) and (b) compare the TGA specific weight change, 6/A4, where dW is the change in
weight of the specimen and A4 is the exposed area for oxidation,” as a function of time, ¢, for Cu-17% Cr
and Cu-17%Cr -5%Al tested between 773 and 1173 K, respectively.’ The specific weight change is
significantly larger for Cu-17%Cr compared to that for Cu-17%Cr-5%Al with the rate of oxidation
decreasing with increasing time. In comparison, the Cu-17%Cr-5%Al alloy exhibits a very small or
negligible weight change almost independent of time after a very short transient region in the temperature
range 773 to 973 K. A longer transient region is observed at 1073 and 1173 K (Fig. 2(b)). The extent of
the transient region is better depicted in Figure 3(a) to (e), which show plots of the rate of specific weight
change, d(6W/A4)/dt, against ¢, for Cu-17%Cr and Cu-17%Cr-5%Al, respectively. An examination of
Figure 3 reveals that the transient region for the Cu-17%Cr alloy lasts between 30 and 70 h, while that for
the Cu-17%Cr-5%Al typically lasts less than 5 h for temperatures less than 1173 K; the transient region
lasts for about 15 h at 1173 K. A distinct advantage of showing these rate change plots over the
representation shown in Figure 2 is that the steady-state oxidation regime can be clearly distinguished
from the transient oxidation region thereby permitting an accurate and unbiased determination of the rate
constants for oxidation irrespective of the nature of the oxidation kinetics.

Figures 2 and 3 clearly demonstrate that a 5% Al addition to the Cu-17%Cr base composition
significantly increases its oxidation resistance. Figure 4 also confirms this remarkable improvement in
oxidation behavior, where the specific weight change data for the Cu-17%Cr-5%Al alloy determined at
1173 K is significantly lower than that for the Cu-17%Cr alloy measured at 773 K. Thus, the addition of
this amount of Al results in at least a 400 K improvement in the temperature capabilities of the new alloy

over Cu-17%Cr.

0.5 —————r—T—T—r ocol0———— T
. _170, _EO,
Cu-17%Cr Cu-17%Cr-5%Al
04r g 0.008
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Figure 2.—Specific weight change versus time plots at temperatures (T) between 773 and 1173 K.
(@) Cu-17%Cr. (b) Cu-17%Cr-5%Al.

*This magnitude of 4 includes the sum of the areas of the two faces, the area of the outer edge of the specimen and

the area of the specimen edge at the hole.
*It is noted that ¢ = 0 in this paper corresponds to the time at which the test temperature is attained.

NASA/TM—2008-215284/PART1 4



1 0_5 T T T T

2 - T=873K
¢ 106 & Cu-17%C
= £ 106 J S oCr
5 £ ,
£ ()]
< 107 £ 107
= 5
<§t 8 s /
B k Z 108 £ CU-17%Cr-5%Al
= Cu-17%Cr-5%Al ©
10-9 . : : : 10-9
0 20 40 60 80 100 0 20 40 60 80 100
(a) t(h) (b) t(h)
10_5 T T 10_5 T T T T
_179
~ SUTe0r = = T=1073K
& / &0
< 106 ‘g 106 F
£ £ — CU-17%Cr-5%Al
/
f« 10-7 % 10-7 !
o 9
. <
% 10-8 ; % 10-8
5 — Cu-17%Cr-5%Al 5
10-9 . L . : 10-9
0 20 40 60 80 100 0 20 40 60 80 100

(©) t(h) (d) t(h)

10_5 E T T T T
0 F T=1173K
T 106
£ ' — Cu-17%Cr-5%Al
E 107 f
ﬁ 3
< i
= 10-8
= E
5

10-9 ; : ; :

0 20 40 60 80 100

(e) t (h)

Figure 3.—Variation of the rate of the specific weight change with time for Cu-17%Cr and Cu-17%Cr-5%Al at
different temperatures (T). (a) 773 K. (b) 873 K. (c) 973 K. (d) 1073 K. (e) 1173 K.
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Figure 4 —Comparison of the specific weight change data for Cu-17%Cr
determined at 773 K with those for Cu-17%Cr-5%Al determined between
temperatures (T) 773 and 1173 K, demonstrating the superior oxidation
behavior of the Al-containing alloy.

3.2 Oxidation Rate Equations

Although the parabolic rate equation is commonly used to describe the dW/A4 — ¢ relationships for
many materials undergoing oxidation, it is well documented that other relationships can be important to
describe the oxidation behavior of many alloys (Refs. 14 and 15). Assuming that the steady-state region
of oxidation can be described by a generalized power-law relationship given by Eq. (1)

SW/AY" =kt (1)

where m is a constant and k,,” is the appropriate oxidation rate constant, the magnitudes of k,,and m can
be determined from double logarithmic plots of W/4 and ¢ without any a priori bias in the analysis
(Ref. 14). Figure 5(a) to (e) show double logarithmic plots of /4 and ¢ for Cu-17%Cr and Cu-17%Crt-
5%Al between 773 and 1173 K. The figures also show linear regression lines fitted to the nontransient

data.

Table 2 lists the values of k,, m and the corresponding coefficients of determination, R/, for the two
alloys as a function of temperature describing these regression fits. The time range within which the data
lie are also indicated. It is worth noting that the range of the steady-state oxidation regimes were defined
to be consistent with Figure 3(a) to (e) in this regression analyses so that care was taken to ensure that the
OW/A and t data pairs considered in the regression analyses were within this region. In the case of Cu-
17%Cr-5%Al, the parabolic rate constants, k,, were determined by linear regression analyses of the
transient data within the first 15 h. The magnitudes of k, for the oxidation of both Cu-17%Cr and Cu-
17%Cr-5%Al were determined from (8W/A4)* — ¢ data pairs (i.e., m = 2.0) by assuming that the intercepts
are zero. On the other hand, the magnitudes of quartic rate constant, k,, were determined by linearly
regressing log (5W/A4) — log ¢ data pairs lying in the time range shown in Table 2.

*In this paper, the subscripts m, p and g denote generic, parabolic and quartic relationships, respectively.
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TABLE 2.—MAGNITUDES OF THE OXIDATION RATE CONSTANTS FOR Cu-17%Cr AND Cu-17%Cr-5%Al
ALLOYS BETWEEN 773 AND 1173 K

773 K 873 K 973 K 1073 K 1173 K

m km Rdz m km Rdz m km Rdz m k,,, Rdz m k,,, Rdz
Cu-17Cr 2.0 1.7x107 [0.999(2.0] 2.6x10° [0.998[2.0] 3.5x107 [0.992 | ---| -smeeeeeem [-eeem RN [N [
(mg*mm?®/s)
(parabolic)
(time range (39 to 100 h) (49.6 to 100 h) (60 to 100 h)
analyzed)
Cu-17Cr-5A1 2.0 1.6x10™" [0.981 [2.0] 2.4x10™" [0.982]2.0] 3.7x107"" [0.987 [2.0] 7.0x107"" [0.987[2.0] 4.6x10™ [0.999
(mg*mm?®/s)
(parabolic)
(time range (0to 1.9 h) (0to 11 h) (0to 15h) (0to 15 h) (0to 15 h)
analyzed)
Cu-17Cr-5A1 43| 2.4x107"° [0.885 (4.3 2.4x10™"™ [0.810{4.4] 5.6x107"7 [0.983 [3.7| 1.4x10™" [0.994[4.4| 2.2x107" [0.972
(mg*/mm®/s)
(quartic)
(time range (2.2 to 100 h) (15 to 100 h) (19.6 to 100 h) (22 to 100 h) (30 to 100 h)
analyzed)

Note: Units for k,, are (mg/mmz)‘“.

An examination of Figure 5(a) to (e) and Table 2 reveals that the steady-state oxidation behavior of
Cu-17%Cer is best described by a parabolic law, whereas the oxidation kinetics for the Cu-17%Cr-5%Al
alloy is better represented by a quartic law. The regression equations fit the steady-state experimental data
extremely well (Fig. 2(a) to (e)). Interestingly, the parabolic equations also represent the transient data
fairly well in the case of the Cu-17%Cr-5%Al alloy. The parabolic oxidation kinetics observed for Cu-
17%Cr in this investigation are consistent with similar observations for other Cu-Cr alloys (Refs. 20 and
21). Although no previous data appear to exist for the Cu-17%Cr-5%Al, the observation of quartic
oxidation kinetics in the steady-state oxidation regime in the temperature range 773 to 1173 K is self
consistent. The transition from a parabolic relationship in the transient oxidation region to quartic rate
kinetics in the steady-state oxidation regime between 973 and 1173 K suggests a change in the nature of
the dominant oxidation mechanism presumably due to the effect of Al.

Using the constants given in Table 2, it is evident from Figure 6(a) to (e) that the regressed equations
fit the experimental data reasonably well for both alloys thereby confirming the general validity of these
constants. In the case of Cu-17%Cer, the parabolic relationship with m =2 does not describe the /A4 data
at 973 K as well as m = 1.6 especially in the transient regions of the plot. The quartic relationship
describes the experimental observations on Cu-17%Cr-5%Al at 773 and 873 K throughout the entire time
scale, and the latter portions of the curves between 973 and 1173 K, fairly well. However, the parabolic
relationship better represents the initial set of data at the higher temperatures. Although it is unclear why
the quartic relationship represents the data for Cu-17%Cr-5%Al better than the parabolic rate equation, it
will be demonstrated later in section 4.2 that the specific weight change data are better described by a
logarithmic relationship.

33 Activation Energies for Oxidation

Figure 7 shows the variation of the rate constants, k, and k,, for Cu-17%Cr and Cul7%Cr-5%Al,
respectively, as a function of the inverse of the absolute temperature in an Arrhenius plot. The activation
energy for oxidation, Q, of Cu-17%Cr, as determined from the slope of the linear regression line through
the datum points, is 165.9 + 9.4 kJ mol ' (R, = 0.997), where R, is the coefficient of determination and
the errors represent the standard deviations about the regressed mean values, which is in excellent
agreement with the value of 163 kJ mol " reported for Cu-29.5%Cr (35 vol.% Cr) (Ref. 21). These values
are comparable to the value of 172 kJ mol ™" reported for the oxidation of high purity Cu oxidized in air or
oxygen under 0.1 MPa pressure between 1073 and 1173 K, which was attributed to the outward lattice
diffusion of Cu” in Cu,O (Ref. 22). It should be noted that the experimental activation energies for lattice
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Figure 6.—Comparison of the regression equations with experimental data for Cu-17%Cr and Cu-17%Cr-5%Al at
different temperatures (T). (a) 773 K. (b) 873 K. (c) 973 K. (d) 1073 K. (e) 1173 K.
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Figure 7.—Arrhenius plot showing the temperature dependence of the parabolic
and quartic rate constants for Cu-17%Cr and Cu-17%Cr-5%Al.

diffusion of Cu” and O~ in Cu,O reported in the literature are about 150 and 165 kJ mol ™, respectively,
which were considered to be an insignificant difference by the authors (Ref. 46).

In the case of Cu-17%Cr-5%Al, the experimental values of Q in the parabolic regime corresponding
to the initial stages of oxidation were 24.9+2.6 kJ mol™' (R = 0.989) between 773 and 973 K and
increased to 114.6+40.0 kJ mol™' (R,> = 0.896) above 973 K. For comparison, Tylecote (Ref. 9) reported a
value of 39 kJ mol ' for oxidation of Cu between 573 and 773 K. The present observation of 24.9 kJ mol "'
is in excellent agreement with a value of 27 kJ mol ™' observed in the oxidation of 6N purity Cu in the
temperature range 873 to 1023 K, and 38 kJ mol ' in the oxidation of 2N purity Cu between 873 and
1223 K, corresponding to the oxidation of Cu,O to CuO (Ref. 47). However, much higher values of
O =186.5+17.2 kJ mol™" (R = 0.975) independent of temperature were observed for the alloy in the
steady-state quartic oxidation regime.

4. Discussion

4.1 Comparison with Literature Data

Figure 8 compares the temperature dependence of k, determined for Cu-17%Cr and Cu-17%Cr-5%Al
in the present investigation with those reported for Cu (Refs. 6,9,10,16,18 to 22, and 44), Cu-Al (Refs. 44,
45, and 49), Cu-Cr (Refs. 20 and 21) and Cu-7(at.%)Cr-2%Al (Refs. 44 and 45) alloys.” The typical
magnitudes of &, for alumina and chromia formers are also indicated for comparison (Ref. 50). It should
be noted that Cu-10%Al was a two phase alloy since it corresponds to the two phase region of the binary
phase diagram (Refs. 26 and 27).

An examination of Figure 8 reveals two oxidation regimes for Cu. At temperatures exceeding 850 K,
the temperature dependence of &, is steeper than the trend in the data below this temperature. These two
types of behavior have been attributed to oxidation mechanisms involving the lattice and grain boundary

>The parabolic rate constants shown in Figure 8 were determined from relatively short term tests lasting less than
24 h in most of the investigations. As shown in this investigation, oxidation to longer times can result in a change in
the oxidation kinetics especially in Cu alloyed with Al
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Figure 8.—Arrhenius plot comparing the parabolic rate constants for Cu (refs. 6,
9,10, 16, 18, 19, 20, 21, 22, and 44), Cu-Al (44, 45, and 49), Cu-Cr (refs. 20
and 21), and (at.%) Cu-7%Cr-2%Al (44 and 45) reported in the literature with
data obtained for Cu-17%Cr and Cu-17%Cr-5%Al in the present study.

diffusion of Cu” in Cu,O at high and low temperatures, respectively (Ref. 22). The addition of 1%Al
appears to have no significant effect on the magnitudes of &, but alloys containing 10%Al show a
significant decrease in its value by about four orders of magnitude. In contrast, the addition of up to 50%
Cr to Cu shows no significant decrease in the magnitude of &, above the scatter in the data although the
lattice diffusion controlled mechanism appears to be dominant even at 773 K. The data for Cu-75%Cr are
too few and clustered to arrive at an unambiguous conclusion on whether this amount of Cr has had any
effect on the magnitude of k, These observations demonstrate that Cr has no significant effect on the
oxidation of as-cast Cu-Cr alloys.

The magnitudes of &, determined for Cu-17%Cr in the present investigation are in reasonable
agreement with the literature data. The &, data for Cu-17%Cr-5%Al relating to the initial stages of
oxidation are in agreement with the Cu-10%Al data within a factor of two. Three important points may be
noted from these observations. First, the decrease in the k, values is almost entirely due to the addition of
Al with no significant synergistic effect of Cr on the oxidation behavior of the alloy. Second, the
transition temperature from grain boundary to lattice diffusion controlled oxidation appears to have
increased from 850 K for pure Cu to 1073 K for both these Al containing alloys, although this observation
is ambiguous due to the limited or clustered data. Third, the rate-controlling oxidation mechanisms are
similar to those dominant in pure Cu during the early stage of oxidation but transitions to a different
mechanism resulting in the observed quartic relationship during the later stages of oxidation. Clearly,
Wagner’s parabolic model is not applicable to the secondary stage of oxidation of Cu-17%Cr-5%Al.
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Figure 9 compares the activation energies for oxidation of pure Cu (Refs. 6, 9, 10, 16, 19 to 22),
Cu-Al (Ref. 49), Cu-29.5%Cr (Ref. 21) with those observed for Cu-17%Cr and Cu-17%Cr-5%Al in the
present investigation.® The activations energies for diffusion of Cu” and O~ in Cu,O, which were
reported to be 150 and 165 kJ mol ™', respectively (Ref. 47), are indicated in the figure. It is now well
established that the oxidation of Cu is controlled by the outward diffusion of Cu in the alloy to the metal-
oxide interface and in the oxide scale (Refs. 14, 15, 19, and 22). An examination of Figure 9 reveals
that the experimental activation energies for Cu are clustered about three bands. Low values of O = 40 kJ
mol ' have been attributed to the diffusion of Cu" along the grain boundaries of Cu,0 (Ref. 22). However,
it should be noted that theoretical calculations of the activation energy for copper vacancy migration in
Cu,O at room temperature predict a value of about 25 kJ mol™" (Ref. 51). Intermediate values of Q ~ 75 to
125 kJ mol ™" have been attributed to either a mixture of grain boundary and lattice diffusion in Cu,O
(Ref. 22) or diffusion of Cu" in Cu,O under conditions where only a single Cu,O scale is stable (Refs. 16
and 19). Since CuO is stable only at high oxidation pressures, scale compositions at low partial pressures
of oxygen consist predominantly of Cu,O (Refs. 10 and 19). However, if oxidation occurs under
conditions where CuO is stable, then the scale consists of an outer layer of CuO and an inner layer of
Cu,0 leading to higher observed values of Q between 150 and 175 kJ mol . These values compare fairly
well with the reported values of activation energies for diffusion of Cu” and O~ in Cu,O (Ref. 46),
although it has been suggested that the lattice diffusion of Cu" through the Cu,O is the rate determining
step for oxidation (Ref. 22).

It is evident from Figure 9 that the activation energy decreases from about 160 kJ mol™" for Cu-1%Al
to 90 kJ mol ™' for Cu-10%Al (Ref. 49). Correspondingly, the compositions of the scales formed on the
Cu-1%Al and Cu-10%Al were CuO/Cu,0 and mostly Al,Os, respectively. The observed scale
composition for Cu-1%Al is similar to that for pure Cu and consistent with the activation energies for
oxidation observed in Cu for double scale formation (Fig. 10). However, the observation of mainly Al,O3
in the scale for Cu-10%Al for which Q ~ 90 kJ mol " is inconsistent with the typical values of O ~ 240 kJ
mol ' for alumina forming Ni-based superalloys reported in the literature (Ref. 52). It is also noted that the
activation energies for cation grain boundary and lattice diffusion in alumina are 477 and 419 kJ mol ',
respectively, whereas those for anion grain boundary and lattice diffusion are 636 and 380 kJ mol ™,
respectively (Ref. 53). Interestingly, the addition of Cr to Cu has no significant effect on the magnitude of
the activation energy, which is similar to those observed for double layer scale formation in Cu.

The activation energies for Cu-17%Cr-5%Al representative of the initial stages of oxidation increase
from about 25 kJ mol ™' between 773 and 973 K to about 120 kJ mol ' between 1073 and 1173 K (Fig. 9).
Based on the observations on pure Cu, it would appear that the low value of 25 kJ mol ™' is due to grain
boundary diffusion in Cu,O at the lower temperatures and lattice diffusion in Cu,0. It is reasonable to
expect that the faster diffusion of Cu compared to Al and Cr would support the formation of an initial
Cu,0 layer, which is consistent with the microstructural compositions of the oxide scale discussed in part
II of this paper. The values of Q are independent of temperature and equal to about 185 kJ mol " in the
quartic oxidation regime. It has been suggested that the activation energy for diffusion of Al in Cu is
165 kJ mol ' (Ref. 40). However, since the activation energy for Cu-17%Cr was observed to be about
165 kJ mol ™, it is ambiguous to attribute the observed value of O ~ 185 kJ mol ™' to that due to Al
diffusion in the alloy. It should be noted that the experimental value of Q lies between the lowest reported
value of activation energy of 155 kJ mol ' for the oxidation of pure Cu (Ref. 10) and 240 kJ mol ™' for the
oxidation of alumina forming alloys (Ref. 52).

%The terms “single” and “double” layers refer to the ideal scale morphologies consisting of either only a Cu,0
layer or a combination of an outer CuO layer over an inner Cu,O layer, respectively.
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Figure 9.—Comparison of the activation energies for oxidation of pure Cu
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temperatures (T) demonstrating the applicability of the direct logarithmic
relationship to describe the oxidation behavior of Cu-17%Cr-5%Al.
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4.2 Effect of Al Addition

Thus far, the analyses of the (0///A4) — t data have assumed the validity of the power-law relationship
given by Eq. (1). In the case of Cu-17%Cr, the parabolic relationship was shown to describe the data
reasonably well over the entire time range between 773 and 973 K. In the case of Cu-17%Cr-5%Al the
parabolic relationship is applicable for first 2 to 15 h depending on temperature after which a quartic
relationship is obeyed. The addition of 5%Al to Cu-17%Cr resulted in a dramatic improvement in its
oxidation properties (Fig. 4). An examination of Figures 2 to 4 reveals that the specific weight gain for
Cu-17%Cr was greater than that for Cu-17%Cr-5%Al by factors of 17 to 27 between 773 and 973 K after
100 h. A comparison of the parabolic oxidation constants for Cu-17%Cr and Cu-17%Cr-5%Al showed
that the addition of 5%Al resulted in a decrease in the magnitude of k, by a factor of 2 to 4 in the
temperature range 773 to 973 K. Since Cr had no significant effect on the oxidation of the binary as-cast
Cu-Cr alloys, it must be concluded that this decrease in the magnitude of &, is primarily due to the effect
of Al

Unlike the parabolic oxidation relationship, which has a physical basis in diffusion controlled
mechanisms, such as Wagner’s oxidation model (Refs. 14 and 15), the quartic relationship observed in
this study is strictly empirical at present based solely on an objective and consistent data analysis.
Although quartic oxidation behavior has been reported in the literature for other alloys (Refs. 14 and 15),
there appears to be no physically based oxidation model at present to provide an insight into the causative
nature of the oxidation process. Therefore, it is instructive to examine the degree of statistical fit of other
equations reported in the literature to the present (8///4) — ¢ data for Cu-17%Cr-5%Al.

Alternative to the power-law relation Eq. (1), it is worthwhile to examine whether a logarithmic
relationship would describe the (0///4) — ¢ data as well, especially since as discussed in part II of the
paper, the oxide scales formed on the Cu-17%Cr-5%Al specimens were very thin. The (3W/A4) — ¢ data
were regressed with the following logarithmic relationship to determine the regression parameters
(Ref. 14):

(8 A)= kyog log(t +1)+ 4 )

where ki, and 4 are fitting constants. Figure 10 demonstrates that the variation of the experimentally
measured values of (6//A4) with log (¢ + 1) is approximately linear and Table 3 gives the regressed
magnitudes of ki, 4 and R/ Tt is evident that Eq. (2) describes the experimental data fairly well. In fact,
a comparison of the regression fits to the experimental data for the logarithmic and quartic equations
revealed an excellent correlation with the entire time span of the data for the former relationship at all
temperatures (Fig. 11). The magnitudes of the activation energies determined from a semi-logarithmic
plot of ki, against 1/7 resulted in O ~ 33 kJ mol ' between 773 and 1073 K and 115 kJ mol ™' between
1073 and 1173 K (Fig. 12). These values are similar to those determined from the parabolic rate
constants.

TABLE 3.—REGRESSION COEFFICIENTS FOR Cu-17%Cr-5%A1 USING THE
DIRECT LOGARITHMIC RATE EQUATION, (6W/A) = kiog log(z + 1) + 4
773 K 873 K 973 K 1073 K 1173 K
ki A R/ ki A R/ Kiog A R/ kiog A R/ ki, A R/
3.8x107% | 1.3x10%]0.890 | 6.9x107 [ 1.5x107 [0.926 | 1.1x107 | 7.6x107° [ 0.997 | 1.5x107 | 6.8x107° [ 0.996 | 4.5x107 | —4.1x10~* | 0.995

The observed excellent correlation between Eq. (2) and the experimental specific weight change data
(Fig. 10) is encouraging because a number of models have been proposed to describe low temperature
oxidation, where the time dependent change in the thickness of a thin scale usually follows a logarithmic
relationship (Refs. 14 and 15). An important point to note is that generally logarithmic rate equations
describing the growth of thin scales are best suited for low temperature conditions, where the rates of
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Figure 12.—Arrhenius plot of the logarithmic rate constant versus the inverse of
the absolute temperature for Cu-17%Cr-5%Al.

diffusion of the reacting species are relatively small. In the present study, the test temperatures were
sufficiently high to ensure higher rates of diffusion of the reacting species. This is certainly the case for
the Cu-17%Cr alloy reported in this paper as well as for other Cu-Cr alloys (Refs. 20 and 21), where the
parabolic rate law and the observance of thick Cu,O and CuO scales formed a consistent picture. The fact
that the addition of 5%Al to the base composition dramatically increased its oxidation resistance can be
attributed to one or more factors, such as the formation of a protective oxide scale and a slower rate of
diffusion of Cu” in Cu,O due to a change in its defect chemistry. In this connection, it is interesting to
note that theoretical calculations suggest that the presence of Al in Cu,O binds it to copper vacancies,
Vcu, With a binding energy of about 320 kJ mol ™! thereby inhibiting V¢, diffusion in Cu,O with the
activation energy for the diffusion of V¢, in Cu,O calculated to be about 25 kJ mol ' (Ref. 51). This
theoretical value of 25 kJ mol ' is in excellent agreement with the value of O ~ 33 kJ mol ' determined in
the present study using the logarithmic equation (Fig. 12). Therefore, it appears reasonable to suggest that
the inhibition of Cu" diffusion in Cu,O by Al is the predominant mechanism governing oxidation
behavior of the Cu-17%Cr-5%Al below 1073 K and the growth of a protective alumina scale above

1073 K is the dominant process.

5. Summary and Conclusions

The effect of 5% Al on the oxidation behavior of Cu-17%Cr was investigated. It was demonstrated
that adding 5% Al resulted in:

a) A decrease in the parabolic oxidation rate by factors of 100 to 1000 compared to pure Cu and
Cu-17%Cr.

b) An increased temperature capability up to 400 K compared to Cu-17%Cr.

c) A change from parabolic oxidation kinetics for Cu-17% Cr to either a quartic or logarithmic rate
law for Cu-17%Cr-5%Al.

The parabolic rate constants determined for Cu-17%Cr between 773 and 973 K were similar to those
reported for pure Cu (Refs. 6, 9, 10, 16, 18 to 22, and 44), Cu-1%Al (Refs. 44, 45, and 49) and Cu-Cr
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(Refs. 20 and 21) alloys, while the activation energy for oxidation of the alloy was 165 kJ mol . This
value of activation energy was comparable to the diffusion of Cu” ions in pure Cu (Ref. 22) and Cu-Cr
alloys (Ref. 21) oxidized under relatively high partial pressures of oxygen to form CuO/Cu,O scales. It
was concluded that Cr did not improve the oxidation behavior of as-cast Cu-17%Cr.

The oxidation kinetics for Cu-17%Cr-5%Al were more complex than pure Cu and Cu-17%Cr in the
temperature range 773 to 1173 K. The initial variations in the specific weight change data with time were
better described by a parabolic relationship while the latter portions of the specific weight change curves
were better described by a quartic function. Using the parabolic relationship corresponding to the initial
oxidation regime, the values of O were observed to vary from 25 kJ mol ™' between 773 and 973 K an
increased to 115 kJ mol ™' above 973 K. However, using the quartic relationship corresponding to the
steady-state oxidation region, the value of Q was observed to be 185 kJ mol™". The weight change data
could be better described by a logarithmic relationship, where the activation energy for oxidation
increased from about 35 kJ mol ' between 773 and 1073 K to 115 kJ mol ' above 1073 K. Comparisons
of the parabolic rate constants with literature data on Cu (Refs. 6, 9, 10, 16, 18 to 22, and 44), Cu-Al
(Refs. 44 and 49, Cu-Cr (Refs. 20 and 21), Cu-7%Cr-2%Al (Refs. 44 and 45), and alumina (Ref. 50) and
chromia (Ref. 50) scale formers revealed that the &, values for Cu-17%Cr-5%Al were significantly less
than those for Cu, Cu-1%Al and Cu-Cr alloys by factors of 100 to 1000. These values were also less than
those published for chromia scale forming alloys published in the literature (Ref. 49) but close to those
reported for alumina scale formers (Ref. 50) and Cu-10%Al (Ref. 48) and Cu-7(at.%)Cr-2%Al (Refs. 44
and 45) alloys. The activations energies determined using either the parabolic rate constants or the
logarithmic rate constants were similar and varied from about 25 to 35 kJ mol ' below 1073 K to 115 kJ
mol ' at higher temperatures. The values of activation energy at the lower temperatures are in excellent
agreement with the theoretical value of 25 kJ mol ! calculated for the diffusion of V¢, diffusion in Al
doped Cu,0, where the Al atoms are predicted to bind to the copper vacancies (Ref. 51). Therefore, it is
suggested that the inhibition of Cu" diffusion in Cu,O by Al is the predominant mechanism governing
oxidation behavior of the Cu-17%Cr-5%Al below 1073 K. It is expected that the growth of a protective
alumina scale will be the dominant process above 1073 K.
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