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2. Results and Discussions

The commercial Ni-base alloys with Al-contents between 3-5 wt.% are used extensively in
high temperature technology. Due to the low Al content no protective alumina scale can be
formed at temperatures above 900°C. Rather a fast growing complex oxide scale consisting
of mixed oxides of Cr, Ni, Ti, Al and other alloying elements and spinel phases is formed [1-
3]. Below this scale internal oxidation of Al leads to the formation of a non-protective inward
growing alumina scale in the metal subsurface [4]. The oxide scale in fig. 1 (left image) is not
able to withstand the ingress of gaseous species from the service environment. By
increasing the Al content of the alloy the formation of a protective alumina scale would
become possible. However a higher Al amount is detrimental for the mechanical properties.
The state-of-the-art technology is covering the alloy with an Al-rich coating by e. g. CVD or
PVD processes to form a protective alumina scale at high temperatures [5-8]. An alternative
way is applying the halogen effect. This effect works successfully for y-TiAl alloys. Due to the
surface modification with halogens the mechanical properties of the base alloy will not be
influenced.
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Fig 1: Left micrograph: Untreated IN738 after oxidation (24h/1050°C/air). Right micrograph: F-
Implanted sample of IN738 (10" F cm™/ 38 keV) after oxidation (60h/1050°C/air).

After implantation with F-ions (1 x 10" F cm™2 / 38 keV) and isothermal oxidation
(60h/1050°C/air) the oxide scale on the Ni-base superalloy IN 738 showed a change in
oxidation mechanism as seen in fig. 1 (right image). An outward growing dense protective
alumina scale has been formed under a spinel scale. The F-ion energy corresponds to a
mean projected range of 34 nm in IN738. The optimal fluence was found to be within the
values of 5 x 10" and 1 x 10" F cm™ for an ion energy of 38 keV [9,10]. The formed
protective alumina scale on IN738 remained stable and protective during isothermal
oxidation (1000h/1050°C/air) [11, 12]. However, the protective alumina scale partly spalled.
during cooling process, possibly due to a mismatch in CTE.

The aim of this project was to improve the adherence of the formed alumina scale by
combining the halogen and the reactive element (RE) effect. It is well-known that the addition
of small amounts of reactive elements (Y, Hf, Ce) leads to a good adherence of alumina (and
chromia) scales [13-15]. Additionally the halogen effect should be applied to other Ni-base
superalloys. Due to a long-term construction period in research lab 1 the availabilities of
furnaces, of devices for metallographic and of the magnetron sputter system were limited.

We followed the recommendation of the referees to reduce the number of alloys as
summarized in tab 1. The alloys PWA 1484 and Haynes 214 were delivered by lab 3.



Alloy Ni Co Cr Al W Mo C Ti Ta Others
PWA 1484 | 59,60 10,00 5,00 5,60 6,00 2,00 ; - 8,70 3 Re 0,1 Hf
IN738 61.13 9.0 16,00 3,30 1,70 2,60 0.17 3.50 1.7 0.90 Nb
RR 1000 52,4 18.5 15.00 3.00 - 5.00 0.03 3.60 2.00 0.5 Hf
Haynes 75.00 - 16.00 4.5 - - 0.05 - - 3 Fe 0.2 Si
214 0.5 Mn
0.17Zr
0.01B
0.01Y

Table 1: Composition of the used commercial Ni-base alloys investigated (in wt.-%).

The preferred method of surface modification with F and the reactive elements Y and Hf was
beam line ion implantation. This covered 2 items:

- Which implantation sequence (first F and second RE or vice versa) must be
chosen?

- Which are the optimal implantation parameters (fluence, energy) and how they are
connected to the concentrations of F and RE at the surface?

These investigations were carried out by using alloy IN738. The ion range of F, Y and Hf in
the alloy was calculated by using SRIM [16]. The Monte Carlo-code T-DYN [17] was used
for the calculation of the implantation depth profiles of F, Y and Hf in the alloy IN 738.
Additionally, the depth profiles of the alloy elements Ni, Cr, Co and Al were calculated to
illustrate the influence of implantation on the elemental composition near the surface.
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Fig 2: Range of F- and Y-ions in alloy IN 738 (calc. using SRIM [16]).

In order to meet the ion range of 34 nm for F and Y simultaneously [9-10], the corresponding
ion energies were obtained from SRIM-calculations as depicted in fig. 2. In the case of the
reactive element yttrium the implantations were performed with 38 keV F-ions and 110 keV
Y-ions reaching a projected range of 34 nm within the alloy. For the F- and Hf-implantation
F-ions of 20 keV and Hf-ions of 100 keV were used to reach a projected range of about 20
nm in IN 738.




Coupons of 10 x 10 x 1 mm®  size were cut and polished to 4000 grit using SiC paper,
followed by ultrasonically cleaning in a solution of purified water and 20% ethanol.
Implantations were carried out at the 60 kV-ion implanter of the research lab 2. For F-
implantation a gas source with CF, was used, whereas in a sputter source Ne-gas was
ionized to bombard sputter targets of pure Y and Hf. All implantations were performed on one
side of the samples, whereas the other side served as a comparison. The F-profiles after the
implantations were measured with non-destructive PIGE using the nuclear reaction "°F(p,
ay)'®0 at a resonance energy of 484 keV. A CaF, — crystal served as a standard. Due to the
natural line width of 0.9 keV and the proton beam energy spread, a depth resolution of
about 10 nm was obtained near the surface, if an incidence angle of 60 degrees was chosen.
The PIGE (Proton Induced Gamma-ray Emission) measurements were performed at the 2.5
MV Van de Graaff accelerator of the research lab 2.

Isothermal oxidation tests of the implanted specimens were carried out in lab 1 in a furnace
under laboratory air using a ramp of 15 degrees per min for the heating process. When
1050°C were reached oxidation times between 72 and 144 hours were chosen. After
oxidation metallographic cross-sections of all samples were prepared. Finally, all samples
were analysed by metallography and SEM to study the structure and elemental composition
of the oxide scale.

In [9,10] an optimum F-fluence between 5 x 10" and 10" F cm? was determined to form a
protective alumina scale via the halogen effect for alloy IN 738. The combination of the
reactive element effect and the F-effect requires a screening of the appropriate Hf-fluences
to find the optimal implantation parameters for double implantation of F and Hf. In this work
fluences of Hf and Y between 2 x 10" and 6 x 10" Hf cm? were chosen. With regard to
possible losses due to ion sputtering the F-fluence of 2 x 10" F cm™ was also considered.
Additionally, the sequence of F- and Hf-implantation must be taken into account. Prior to ion
implantation Monte Carlo-calculations using the T-DYN-code allow for selection of the
experimental parameters energy and fluence. After ion implantation the calculated F-depth
profiles were compared with the F-depth profiles measured by PIGE, followed by
metallographic cross-section preparation and analysis with SEM and ESMA.

Starting with the implantation of F (5 x 10" F cm™), followed by implantation of Hf (2 x 10" Hf
cm?) the results of the T-DYN-simulation show that mainly the alloy elements Ni and Cr are

70 T T T T T T T T T T T T T T T T 20 T T T T T T T T
65 -
o 18 | Alloy: IN 738 E
60 - W Alloy: IN 738 N First implantation: F 5E16/20 keV
- 1 16 - S d implantation: ~ Hf 2E16 /100 keV B
= 55 »,»,: First implantation: F 5E16/20 keV b = econd imp! :
< 50 g Second implantation: Hf 2E16 /100 keV i < 14 L i
kA c F ko
45 4
g oA § nf -
5 40 v Cr A 5
€ 35} <« Co A E 10 [ E
8 a0l > NI ] 8 o
g « Hf s sf ]
§ sl 1 S - * F(PIGE)
- = . X "
S 2l e ] g 6 e * F (Simulation) 4
S fre "™ £ "t
o 15F 4 D 4f=- . 4
%10 b - a0
2+ - R
0 | " L L " N . s 0 L ey . | N L L
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Depth [nm] Depth [nm]

Fig 3: Left: Element profiles (T-DYN-calc.) in IN 738 after implantation of F (5 x 10'® F cm?/
20 keV) and of Hf (2 x 10"® Hf cm™ /100 keV). Right: Calculated and measured F-profiles.



influenced by the implantation (figure 3). The measured F-profile reveales maximal concen-
trations of only 4-5 at.%. This can be explained by the sputtering of F during implantation
with heavy Hf-ions. Due to the low F-amount a thin protective alumina scale of 1-2 ym was
formed after oxidation only on parts of the surface as shown in the cross-section micrograph
in figure 4. Mostly a non-protective oxide scale with up to 10 um thickness (internal Al-
oxidation) was formed on the surface — similar to the non-implanted side.
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Fig 4: Cross-section of alloy IN738 from fig. 3 after oxidation (85h/1050°C/air). Left image:
Implanted side. Right image: Non-implanted side.

Starting with the Hf-implantation (2 x 10'® Hf cm™) and followed by implantation of F (5 x 10'°
F cm™) the maximum F-concentration reaches values of 16-18 at.% (figure 5, left image).
The Hf-profile starting with 7 at.% at the surface shows a linear decrease within the range of
the F-ions. Both F-profiles — calculated and measured, are in good agreement as depicted in
figure 5, right image).
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Fig 5: Left: Element profiles (T-DYN-calc.) in IN 738 after implantation of Hf (2 x 10'® Hf cm?/
100 keV) and of F (5 x 10" Hf cm™ /20 keV ). Right: Calculated and measured F-profiles.

After oxidation at 1050°C the SEM micrographs reveal an adherent protective alumina scale
of 1-2 ym thickness (figure 6). In contrast to this a 10 um thick zone of internal Al-oxidation
covers the surface of the untreated side. Beneath this zone a thick region of nitrides up to 20
pMm has formed showing non-protective character of the internally formed alumina scale.
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Fig 6: Cross-section of alloy IN738 from fig. 5 after oxidation (72h/1050°C/air). Left image:
Implanted side. Right image: Non-implanted side.

The same implantation sequence with fluences of 4 x 10"® Hf cm™ followed by 1 x 10" F
cm? leads to maximum F-amounts of 25-30 at.% (figure 7, left image) and good agreement
between measured and calculated F-profiles as depicted in figure 7, right image.
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Fig 7: Left: Element profiles (T-DYN-calc.) in IN 738 after implantation of Hf (4 x 10'® Hf cm™ /
100 keV) and of F (1 x 10" F cm™ /20 keV). Right: Calculated and measured F-profiles.
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Fig 8: Cross-section of alloy IN738 from fig. 7 after oxidation (96h/1050°C/air). Left image:
Implanted side. Right image: Non-implanted side.



After oxidation (96h/1050°C/air) a thin adherent alumina scale formed on the surface (figure
8). Despite a few distortions this scale also shows protective behaviour, in contrast to the
non-implanted side which depicts a complex scale of chromia, internally grown alumina and
nitrides.

The results obtained suggest the correct sequence of implantation: Firstly implantation of the
reactive element followed by F-implantation.

By selecting the reactive element Y, a fluence of 4 x 10" Y cm? and a F-fluence of 5 x 10
F cm™ were chosen. The calculated and measured F-profiles with maximum amounts of 12-
14 at.% are in good agreement as illustrated in fig. 9. The Y-profile starting with 10 at.% at
the surface can be described by a linearly decreasing function within the range of implanted
fluorine.
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Fig 9: Left: Element profiles (T-DYN-calc.) in IN 738 after implantation of Y (4 x 10 Y cm™?/
110 keV) and of F (5 x 10'® F cm™ /38 keV). Right: Calculated and measured F-profiles.

The oxide structure obtained after oxidation at 1050°C is characterised by a protective
alumina scale with 1-2 ym thickness (Figure 10, left image). In contrast to this, a complex
oxide scale of chromia, internally grown alumina and nitrides covers the surface of the
untreated side (Figure 10, right image).
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Fig 10: Cross-section of alloy IN738 from fig. 9 after oxidation (96h/1050°C/air). Left
image: Implanted side. Right image: Non-implanted side.



By increasing the F-fluence to 1 x 10" F cm™ a maximal F-amount of about 25 at.% was
obtained (fig. 11) This is a higher F-amount than predicted by the simulation leading also to
a stable F-effect as has shown in [10]. In fig. 12 the elemental maps of Ni, Ti, Cr, Al, Y and
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Fig 11: Left: Element profiles (T-DYN-calc.) in IN 738 after implantation of Y (4 x 10" Y cm™?/
110 keV) and of F (1 x 10" F cm™ /38 keV). Right: Calculated and measured F-profiles.
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Fig 12: Elemental maps obtained with ESMA of alloy IN 738 from fig. 11 after oxidation
(65h/1050°C/air).
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O obtained by ESMA are displayed revealing the thin protective alumina scale formed after
oxidation (65h/1050°C/air). Above this scale scales of titania and chromia are present partly.
The counts of F and Y are without relevance due to a disturbance by Ni-signals.

The results suggest the correct sequence of implantation: Firstly implantation of the reactive
element (heavy ion) followed by F-implantation (light ion). By doing the F-implantation firstly,
the implanted F is reduced remarkably by sputtering processes during the implantation with
the heavy ions Y and Hf. As optimum parameters have been found:

1. Implantation with Hf: (2 .. 4) x 10" Hf cm? 2. Implantation with F: (0.5 .. 1) x 10" F cm™
2. Implantation with Y: 4 x 10" Y cm™ 2. Implantation with F: (0.5 .. 1) x 10" F cm™

These parameters were used for studying the alumina scale adherence during cyclic
oxidation. For example as implantation parameters were chosen: Y (4 x 10'® Y cm? /110
keV) and F (5 x 10" F cm™ /38 keV). The oxidation started isothermally at 1050°C to
establish the protective alumina scale and run under isothermal conditions. In the second

Al,0, - scale

Alloy

Fig 13: Elemental maps of alloy IN 738 obtained with ESMA after oxidation at 1050 °C
(128.5 h isothermally and 145 h cyclically). Implantation with Y (4 x 10 Y cm™?/

110 keV) and F (5 x 10"® F cm™ /38 keV). Above the protective alumina scale also titania
and chromia scales are partly visible.
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step the cyclic oxidation was switched on with parameters: 60 min hot dwell, 30 min cold
dwell. The oxidation duration covered 128.5 h (isothermally) and 145 h (cyclically). The
element maps measured with ESMA show the protective alumina scale — with some minor
disturbances (fig. 13). Above the protective alumina scale of 1 ym thickness also titania and
chromia scales are partly visible. These scales are brittle and often spall during cooling.

The occurrence of the halogen effect was studied also for the other commercial alloys in tab.
1. The screening was performed by implanting fluences between 10" F cm? and 2 x 0" F
cm? at 38 keV. In the case of RR1000 — often used as disk alloy in aero engines - no
protective alumina scale was found after oxidation at 1050°C. Obviously the Al-amount in the
alloy is to low.

The alloy Haynes 214 partly forms a thin alumina scale at a temperature of 1050°C as seen
in fig. 14, right image. However the 1 ym thick alumina scale at the implanted side covers the
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Fig 14: Cross-section of alloy Haynes 214 from fig. 9 after oxidation (73h/1050°C/air). Left
image: Implanted side (5 x 10" F cm™ /38 keV). Right image: Non-implanted side.

whole surface. The implanted side (left image) reveals a more continuous alumina scale
without inclusions of chromia than at the non-implanted side. A 2-5 uym thick chromia scale is
located above the alumina scale. The good adherence of the alumina scale may be due to
the presence of the minor alloying reactive element Y (see tab. 1).
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Fig 15: Cross-section of alloy PWA 1484 from fig. 9 after oxidation (72h/1050°C/air). Left
image: Implanted side (1 x 10" F cm™ /38 keV) Right image: Non-implanted side.
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No significant difference due to the F-implantation was found for the alloy PWA 1484. This
alloy forms a thin adherent alumina scale covered by two scales. The inner scale contains
oxides rich in W and Ta, whereas the outer scale consists. of chromia. The minor alloying
reactive element Hf increases the adherence of the alumina scale
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3. Summary

Ni-based superalloys with relatively low Al-contents between 3-5 at.% are often used in high
temperature technology. Due to their low amount of Al these alloys are unable to form a
protective alumina scale. The halogen effect — working successfully for Gamma-TiAl-alloys -
offers a new way to form a protective alumina scale also for these Ni-base alloys. For the
surface modification F-ion implantation was applied performing a screening to find the
suitable “window” for the halogen (fluorine) effect. For alloy IN 738 a change of oxidation
mechanism was achieved to form an outward growing dense protective alumina scale during
oxidation at 1050°C. Also for alloy Haynes 214 the tendency to form a protective alumina
scale can be supported by surface modification via fluorine ion implantation. The formed
alumina scale shows a more protective structure due to a lack of inclusions like chromia. In
case of alloy PWA 1484 no significant influence on scale formation was found. This alloy
already forms a thin alumina scale at the metal/oxide-interface. Due to the low Al content in
alloy RR1000 no protective alumina scale was found. A successful application of the halogen
effect would become possible, if the surface region will be enriched with Al by e. g .CVD
processes before doping the surface with fluorine.

The halogen effect was combined with the reactive element (RE) effect to improve the
adherence of the thin protective alumina scale. The subsequent ion implantation with F and
the RE Y and Hf showed how important the implantation sequence is. At first the RE must be
implanted, followed by fluorine. As optimal implantation parameters were determined:

1. Implantation with Hf: (2 .. 4) x 10" Hf cm? 2. Implantation with F: (0.5 .. 1) x 10" F cm™
2. Implantation with Y: 4 x 10" Y cm™ 2. Implantation with F: (0.5 .. 1) x 10" F cm™

Those alloys containing small amounts of reactive elements (Haynes 214, PWA 1484) reveal
a suitable adherece of the alumina scale. No surface modification with RE is needed.



