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Abstract. In some cases chromium, necessary for the resestin hot corrosion, unfortunately
tends to lower the solidus temperature of alloygided to high temperature applications. However
a decrease of its content in the bulk can be aliblyea Cr-enrichment of the alloys sub-surfaces.
To examine this possibility in the case of refragtdaC-strengthened iron-based alloys, three
{Fe(bal.) — 10Cr — 0.2 or 0.4C — 3 or 6Ta} — allaysre elaborated by foundry in inert atmosphere
and subjected to Cr deposit and inwards diffusigralpack-cementation process. Bulk and sub-
surface microstructures examinations and concémiaprofiles were performed after each step of
elaboration of the future coated alloys as welafisr a 50 hours / 1000°C oxidation test in air. A
500um-deep carbide-free sub-surface with a chrontoment twice the bulk one was obtained for
the 0.2C-3Ta and 0.4C-6Ta alloys (less deep for(4&-3Ta alloy) and allowed the alloys
resisting high temperature oxidation.



Introduction

When exposed to high temperature in air or in othedizing atmospheres, metallic pieces are
subjected to more or less rapid oxidation whichtBntheir lifetime [1]. To resist this phenomenon
refractory alloys usually contain aluminum (e.g.stof Ni-based alloys), chromium (e.g. most Co-
based alloys) or silicon (e.g. MaSalloys), which allows the development of a contius
protective alumina (ADs), chromia (C#O3) or silica (SiQ) layer on their surface, respectively [2].
In some cases the alloys cannot contain suffigiemtih quantities of these elements, for example
to maintain a high level of refractoriness and/brceep resistance. To keep a good resistance
against high temperature oxidation the alloys ribed to be covered by protective coatings which
can be created by Physical Vapor Deposition or Gtem/apor Deposition. A CVD process
commonly used is pack-cementation, which can bd taesurface enrichment in Cr [3] as well as
in Al [4] and in Si [5], or even in two of thesesalents together [6,7].

There are specific applications for which resistaagainst high temperature corrosion must be
achieved exclusively by a chromia scale, for instawhen some parts of the metallic piece are
simultaneously also in contact with molten saltgylass (by which alumina and silica scales are
especially deteriorated). High chromium contenésthen required in the sub-surface.

In this work three iron-based alloys, especiallyagtory and reinforced by tantalum carbides, were
considered. They contain significantly lower chrami contents (wt.%Cr) by comparison with
similar alloys previously studied [8] which were idation-resistant [9] thanks to chromium
contents much higher (30wt.%Cr). These low-chromiiton-based alloys must be protected
against oxidation and it was tried here to enri@nt in chromium by pack-cementation and to test
the high temperature oxidation behavior of the ioleiéh coated alloys.

Experimental

Elaboration of the alloys and microstructure observations. Three iron-based alloys were
synthesized by high frequency induction melting KEE) under inert atmosphere (300mbars
Argon), from pure elements: Fe, Cr, Ta and C (gtephThe first alloy, named FeTal, is a
Fe(bal.)-0.2C-10Cr-3Ta alloy (in wt.%). The secame and the third one, FeTa2 and FeTa3, have
as chemical composition Fe(bal.)-0.4C-10Cr-3Ta e@e(bal.)-0.4C-10Cr-6Ta respectively. After a
first fusion of the charge (about 30g) and solddifion in the water-cooled copper crucible of the
HF furnace, the ingots were re-melted and poured aylindrical copper mould. The new ingots,
with a cylindrical shape (length 50mm x diametemif), were cut in order to obtain several disks
(diameter 10mm x thickness 2.5mm). Per alloy on¢hefe samples was mounted in resin and
polished, first using 240-grit to 1200-grit SiC pag, and second using 1um alumina paste. These
mounted samples allowed controlling the initial rostructure, using a Scanning Electron
Microscope (Philips XL30) in Back Scattered Elensomode and under 20kV (acceleration
voltage). Three other disks were cut: one for aar@ation only and two for a cementation followed
by a diffusion heat treatment.

Cr-coating by the pack-cementation technique. For the cementation the disks were polished up to
1200-grit paper, then placed in a silica bulb wiité pack containing the halide activator (powder of
CrClz) and the master alloy/cement (powder of pure Cm®ech with an inert powder (ADs).
Secondary vacuum was performed in the silica bolitaining the alloy disks and the pack, the
bulb was closed and put in a furnace at 1050°Q%r. After cooling the disks were washed under
ethanol and ultrasonically cleaned, to remove grahcement or of alumina still present on the
surface. For each alloy a cemented disk was taklemétallographic characterization while two
cemented disks underwent an additional heat treatatel200°C for 75 hours to promote a deeper
enrichment in chromium by inwards diffusion. Theielmnment in chromium on surface and on the
sub-surface, just after cementation and after fiffestbn heat-treatment, was characterized by



performing WDS microanalysis profiles (Cameca SXo5(BX100 microprobes) from the external
surface inwards the bulk, over a depth equal tqus00

Tests of oxidation at high temperature. The behavior of the coated alloys (cemented arad he
treated) in high temperature oxidation was stutigexposing the disk samples to air at 2000°C for
50 hours in a tubular furnace. After cooling inrface, the oxidized samples were prepared as the
other metallographic samples (however after elgdiconickel coating to protect the external oxide
scales during cutting and polishing), observed \thih SEM in BSE mode (external oxides if still
present and sub-surface deterioration). Conceatrgtiofiles perpendicular to surface and inwards
the bulk over 500pum were also performed.

Results et discussion

Refractoriness and microstructure of the alloys. Before elaborations thermodynamic calculations
were performed in order to assess the solidus textyres of such low-chromium bulk alloys. This
was done using Thermo-Calc version N with a dawbdsveloped from the SSOL one with
addition of thermodynamic description of sub-sysencluding notably tantalum. Some details
about this database were already given in a preweark [8]. The 10wt.%Cr-containing FeTal,
FeTa2 and FeTa3 alloys would be effectively mor&aotory than the homologous alloys
containing 30wt.%Cr, since the calculated soliceragerature increases from 1469°C (30%Cr) to
1481°C (10%Cr) for FeTal, from 1300°C to 1436°Q, FeTa2 and from 1465°C to 1478°C for
FeTa3. Calculations show that the great increaskqnn the case of FeTa2 can be relied to the
disappearance of chromium carbides (e.g. 3.15% a8 But also 1.60% of p§Cs in mass at
1200°C if 30wt.% Cr, while only TaC if 10wt.%Cr),hich usually tend to decrease the solidus
temperature of superalloys. Calculations also skiothat matrix is BCC for all the three FeTa
alloys at high temperature if they contain 30wt.%@ile a significant part of FCC matrix coexists
with the BCC matrix in these alloys if only 10wt.%@re present, potentially leading to better
mechanical properties at high temperature.

The real obtained alloys display dendritic matriweth more or less tantalum carbides (whiter than
matrix when observed with a SEM in BSE mode, F)gThese TaC carbides are initially present in
the interdendritic spaces where they formed a &ateempound with matrix.
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Fig. 1. As-cast microstructures of the studiedyallo

Sub-surface states of the cemented+heat-treated alloys and Cr-enrichment. After cementation
and diffusion treatment the TaC carbides are cenally fragmented (Fig. 2), as earlier seen also
for the analogous alloys containing 30% Cr aftgyasure at 1200°C for several tens hours [8].

3



FeTa2

200 pm

FeTa3

Fig. 2. Microstructures and sub-surface statebh®three alloys
after cementation and diffusion treatment

The diffusion of chromium inwards the alloys duringmentation and heat-treatment led to the
growth of a carbide-free zone (similar to the ogeserally due to high temperature oxidation of not
coated superalloys reinforced by carbides), ovachvtantalum-rich particles (white) are dispersed.
Two WDS concentration profiles were performed pemgle and they generally showed a good
reproducibility. Only one of them is given for {da@lloy — treatment} couple in Fig. 3. After
cementation the depth of enrichment in Cr is markess 500um (continuous decrease from about
50wt.%Cr on surface down to almost 10wt.%) for FeTabout only 350um for FeTa2 (decrease
from only 25wt.% down to about 18wt.% then fall1®wt.%) and again progressive decrease for
FeTa3 very similarly to FeTal. The diffusion treatrhled to a deeper inwards diffusion of these
guantities of chromium, with consequently a lowgraf the chromium contents in the sub-surfaces,
down to about 20wt.% for the two alloys but limitem the initial enriched depth in the case of
FeTa2. Thus, cementation followed by diffusion tmeent led to a Cr content twice the initial one
over a significant depth.
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Fig. 3. Concentration WDS profiles after cementatieft hand) and after cementation + diffusion
treatment (right hand), for the three alloys.

High temperature oxidation tests. The cemented and heat-treated samples were subjerte
oxidation by air at 1000°C for 50 hours. The statbthe oxidized surfaces are illustrated in Fig. 4
by SEM/BSE micrographs and WDS concentrations le®fione of the two performed in each
case). The surface deterioration by high tempezatidation was still limited but among the
partial oxides scales remaining on surface aftalimg there were a consequent proportion of
oxides of iron or of Fe and Cr together (spinelg)hout any continuous protective chromia. During
oxidation the chromium quantity exceeding the 1@wt.bulk content after the
{cementation+diffusion}-treatment in the first 40@pdepth has decreased from 27.0£0.7 mg/cm?
down to 24.7+0.5 wt.%Cr for FeTal, from 27.5+1.6/ong? down to 22.9+5.9 wt.%Cr for FeTaz2,
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and from 25.5 mg/cm? down to 23.4+1.7 wt.%Cr forT&®8. Catastrophic oxidation appeared
imminent, especially for the FeTal alloy which désgs surface chromium contents very low

(9.7£0.6 wt.%Cr, against 12.4+3.7 wt.%Cr for FeTa2d 16.5+1.6 wt.%Cr for FeTa3), e.qg.
decreased down to the bulk one.

FeTal C15 R75 oxidized for 50h at 1000°C
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Fig. 4. Surface states and sub-surface concentrptafiles of the coated samples after oxidation



Conclusions

The refractoriness of chromium-containing iron-lshakoys reinforced by tantalum carbides can be
increased by lowering their bulk chromium contevitre or less significant increases in fusion’s
start temperatures can be expected by choosing.%0@t instead of the 30wt.% Cr efficient to
ensure good resistance against oxidation at higipdeature. The sub-surface of such alloys
impoverished in chromium can be obviously enrichgdin in chromium by pack-cementation, but
the depth of this enrichment may depend on theotadnd tantalum contents (tantalum/carbon
balance) in the bulk. With the procedure appliethis work the obtained chromium content in the
sub-surface is twice the initial one, which appdaret high enough to guarantee a good behavior in
high temperature oxidation for long durations. Thihe parameters of cementation and diffusion
heat treatment remain to be optimized for improvhng sub-surface Cr-reservoir for these family of
alloys, and then for allowing them to longer resigidation at high temperature.
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