
THEWOGRA WMETRIC STUDY OF THE REDUCITON OF OXXDES 
PRESENT IN OXIDIZED MCKEL-BASE ALLOY PdWDEBS* 

Carbon., hydrogen, and hydrogen plus carbon reduction of three oxidized 
nickel-base ahoy powders (a solid solution strengthened ahoy both with and Mhont 
the T’ farmers aluminum and titanium and the solid solution strengthened alloy 
NiCrAW) were evaluated by thermogravimetry. Hydrogen and hydrogen plus carbon 
were completely effective in reducing an alloy containing chromium, columbium, 
tantalum, molybdenum, and tungsten. However, with aluminum and titanium present, 
the ti~ction was limited to a weight loss of about 8I*/,_ Carbon alone was not 
effective in reducing any of the ahoys, and none of the reducing conditions were 
eficctive for use with NiCrAIY- 

This study was carried outto detenninetheeffectofcontrolledcarbon, hydrogen, 
and hydrogen plus carbon reduction of the oxides present in oxidized nicke&base 
ahoy powders_ The successfui reduction of these oxides, which~ are present to a 
greater or lesser extent in aI1 powder metallurgy prm nickel-base materials, 
would be beneficial for all superalloys pm@ by powder techniques_ These tech- 
niques could be particulariy important in developing oxide-dispersion-strengthened 
alloys prepared by either wet or dry grinding- The materials studied were powder 
samples of a solid-solution-strwg$hened nickel-base ahoy containing chromium, 
columbium, tantalum, moiybdenum, -and tungsten both with and without the 7’- 
forming elements aluminum and titanium and powder samples of the solid-solution- 
strengthened alloy -NiCrAIY_ The powders were deliberateIy oxidized for 6 h at 
1100°C in pure oxygen. Reductions were carried out in a thermogmvimetric analysis 
(TGA) apparatus.. Sample heating was linear with time and at a constantrate of 3 
Celsius degrees per minute from ambient to 1200°C~ The reducing agents were 
GU&XZ, dry hydrogen, and a combination of the two_ The exteut of reduction was 

_. 
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evaluated by weight-loss data aud by X-ray auaIysis of the reduction residue AH 
reductions were canied out in duplicate to verify the reproducibility of the reduction 
CuNeS 

Hydrogen and hydrogen phs carbon wexe both CompkteIy effective in redwing 
the oxides in the solid-soiution-strengthened alloy without the?‘-formingahnn.inum 

and titanium. However, these two reductants we= not abIe to completely reduce 
(weight loss, 7s-si %) th e oxides present in the alloy p6wders containing aluminum 
and titanium_ Carbon done was not an effexztive reductant for any of the alloys 
studied_ And none of the reducing conditions were adequate for the highly oxidation 
resistant ailoy NiCrAiY, For alloys of this type, aitemative, more effective cIeau.iug 

procedures musf be developed to reduce the z-Ai203 which forms during oxidation_ 

One of the most serious deterrents to the development of good mechanical 
properties in d&ersion-strrn_&eued superalloys prepared by the wet grinding of 
meti togg&.er with stable oxide powders is the deIeterious eff’ of oxide contamina- 
tion_ Wet _&ding ffequenty produces substantial quantities of unwanted matrix 
oxides_ The author hz frequently obsenfed oxygen levels of 10-20 wt. oA in wet-ground 
powders_ These oxides ruin the effectiveness of the dispersion by causing the inten- 
tionally added 5ne stable oxide powders to agglomerate’-‘. As a consequence of this 

a@omeration., ductility, stress-rupture life, and thermal fatigue properties are 

r&cedz. An alternative processing approach, mechanical alloying by ~IY grinding, 
leas nGim&d, but not eliminated, this problem by lowering l &e oxygen pickup to 

appro.Smatcfy I-1.5 %- D%pcrsio u-strcugtheued materials produced by this latter 
process have demonstrated good me&a&al prope&es4’6. The dry mixing of coarse 
(I-LO m) partic1~ of nsctive metals such as chromium, aluminum, and titanium 

with Gnely we&ground nicke1 plus dispersoid powders has also shown considerable 

promise for producing dispersion-strengthened alloys with good properties’. The 
potential for nsing the complete wet grinding approach in which ail elements inciuding 
reactive metals and master alloys are ground together is, however, still considered 
to be -great This approach has yielded unailoyed nickel phis thoria materials with a 
fine dispersior?, If a method can be found to reduce the bulk of the undesirable oxide 

contakGmion in nickel alloys, it should bepossibleto produce disperGon-strextgthcncd 

materials with superior strength charzteristics by the wet-grinding approach. 
?%e objective of this sti;dy was to determine if oxides ty&ai of those formed 

during the w-et -grinding of nick&base superalioy powders could he ruiuced with 
carbon, hydrogen, or a combination of the two- The suaxs&i reduction -of these 

onides could kad to the application of the wet-grinding approach to these types of 
materials; in addition, it could also be of c-on+rabk benefit in producing+aUoyed 
powder metallurgy superaUoys and mechanically alloyed materials_ 

The reducing conditions studied in the present investigation were Zhe sam& as 
those used in a pmious study’ where it was shown that dehiratelyMidizd nickel 



-20 chromium powder could bc effectively reduced with dry hydrogen and dry 
hydrogen plus carbon- The materials studied in the present investigation were powders 
of a solid-soIution-strengt6ened nic*kel-base alley both with and without the addition 
of the p’-forming elements aluminum and titanium and powders of the solid-solution- 
strengthened alloy NiCrAlY. The powders were deliberately oxidized for 6 h at 
1100°C in pure oxygen to produce a controlled starting condition. The reducing 
conditions were carbon, dry hydrogen, and a combination of the two, All reductions 
were carried out under controlled conditions in a thermogravimetric analysis (TGA) 
apparatus which has been described previonslysw 9_ Reductions were evainated by 
weight-loss data and by X-ray evaluation of the reduction residue from each experi- 
ment_ All reductions were carried out in duplicate to verify the reproducibility of the 
reduction curves_ 

MATERIAL& APPARA-lwS, AND PxtocED~ 

Materials 

The materials used in this study were inert--gas-atomized nickel-base alloy 
powders, spectrographic grade lampblack, ultra-high-purity hydrogen, researchgrade 
helium, and research grade oxygen The chemical analyses of the three nickel-base 
ahoy powders are shown in Table 1, Alloy 1 was analogous to conventional solid- 
solution-strengthened nickel-base alloys; ahoy 2 was essentiaUy the same as ahoy 1 
but contained the y’-forming elements aluminum and titanium; alloy 3 was the highly 
oxidation resistant solid-solution-stren_tiened alloy NiCrAlY- All the metal powders 
used in this study were in the size range of -2C!O to 4-325 mesh (7444 pm)_ The 
lampblack was -325 mesh. 

For the purpose of the reductions caxried out in this stndy, ah three alloy 
powders were given an identical preoxidation treatment which consisted of heating 
in an aluminum oxide crucible for 6 h at llOO”C inpure, research grade oxygen 
Oxidized rather than wet-ground powders were used for the following reasons~ 

(1) At the time the work was carried out., it was not possible to determine 
accurately the oxygen content of powders containing large amourits (greater than 
10%) of oxygen; however; the oxygen content could be &term&d accurately by 
~~5ght-gaindmingotidatiox~ e-. . , 



1 m-4 

2 s-3 

3 32 

(2) Povc&rs ground in hydrocarbon grinding fIuids invariably contain a 
considerable amount of carbon contamination which would have made it impossible 
to evabate the ttflkct of hydrogen as a reducing agent 

(3) Grinding in water- which would have eliminated the probIem of carbon 

comaurination, was not considered to be practical for the alloys studied_ 
The oxygen content based on weight &I plus the initial oxygen content of the powders 
is shown in Table 2, Note that ahoy 3 formed much Iess oxide than either alloy 1 or 
alloy 2, 

The oxidized ahoy powder plus carbon mixtures necessary for the carbon 
reduction experiments were prepared by dispersing weighed amounts of the constituents 

in ZOO proof alcohol foflowed by air drying at 100°C. Upon completion of the 
drying step, the powders were stored in a desiccator until used. About 2O g of each 
bkad were prqared_ The amount of carbon added w-just sufkient for the stoichio- 

metric conversion of the oxygen to carbon dioxide (CO,). Sekction of this carbon 

addition was based on the results of a study’ which showed that this stoichiometric 
carbon addition yields the most complete reduction- 

-4pparafus 
TSe essential features of the TGA apparatus used in this study are described in 

r&s 8 and 9_ A schematic drawing of the bahuxe and reaction tube assembly. which 
are the primary components of the TGA system, is shown in Fig I. 

Plocerlicte 
The sample to be reduced was weighed directly into the crucible on an auxihary 

l&a.nce Iocated outside the TGA system, Weighing was done to the nearest O-1 mg 
The amount of material in the samples was determked from the oxygen content of 

the powder to give a weight loss of &se to 10 mg upon complete removal of the 
oxy~gzn and, where present, the added GU~XXL 

The crucible comaining the sample was attached to the quartz support fiber 
which was suspended from the balance_ After eking. and evar=uating the system, 
it was backfBed wjth the desired atmosphere, ie- hydrogen-for the hydrogen and 
hydrogen plus carbOn reductions, and helium for the carbon reduction. The flow rate 

of the reaction gas was, in ah N ISO ml/min The reaction gas (hydrogen) and the 
purge gas (helium) were purified by the procedures deselibed in r& 9, 

Befixe corzducting the exj~&m.entaf reduction runs, a buoyancy calibration run 
wascanialorrttocorrtctforchangesin~n’tyoftht~owioggastsando~ 
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Fis I_ Fkdance and reaction tube assanbly- 

fluctuations that occur as a function of temperature_ In all cses, the purge gas flow 
rate was 50 ml/min helium, The heating rate was linear in all cases and at a constant 
rate of 3 Celcius degrees per minute from ambient to l2OO”C A separate temperature 
against time curve was obtained for each experimental run to verify the linearity of the 
temperature program_ At least two experimental reductioti runs were made for each 
alloy/reducing agent combination to verify the reproducability of the reductions. 

Table 3 presents 8 summary of the sample materials, the reducing conditions, 
an+ the percent of the calculated weight loss based on the complete reduction of the 
Sam&e to metal for each run, i-e_ complete loss of oxygen and, where present, the 
&$iberateiy added carbon. The X-ray analysis resnlts and the color df the reduction 
residue for each run are indudtd in this table 

Weight-loss data presented in Table 3 were okain& from the curves for ukight 
Iossasafimctionoftemperatme.Thesecurves&o represent per&t weight loss 
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Fig 2 ControIkd rcaion of hydrogen, carbon, and hydrogen plus carbim with oxidized alloy 1 
con- chromium. nick& cohmbium, rantahm, mow and nmgsm~ 



F-i-&4_ tI2mtdkd rexaim of hydrw carbon and hydrogat plus carbn with oxidized aIby 3 
OontainIng ahminium, chromium, nickel, and yttrium. 

because they have been normahzed so that a lO_mg weight loss is equivalent to a 
weight ioss of ioO%. The TGA weight Ioss curyes for the carbon, hydrogen, and 
hydrogen pIus car&~ reductions of the three nickel-base aIIoys are shown in Figs. 
Z-4_ Each of the curves presented in these Qures has been corrected for the effect of 
buoyanq- 

Reductiiul of OxYiiGied soliii sohtiolz alloy (u&y I) 

The chemistry of the solid solution alloy (alloy I) is shown in Table I_ In the 
as-oxidized condition, this alloy contained 11.4% oxygen (see Table 2) As shown in 
Table 3, arr X-ray axdysis of the oxidized powder indicated the presence of NO, 

- Crz03, NiCr,O,, and AM2O6 in addition to ti nickei s&d sohxtion. The MzOs is a 
b-i-rutie structure, sometimes called tapiolite, with M being tantalum or columbium. 
Carbon ruduction of this material was not complete_ The maximum weight loss waS 
only 4424 T/o at 1200°C Tt& residue was greenish black and the X-ray anaIysis indiw 

the presgnce of Cr,O, and Mz06_ With hydrogen., the reduction of this material was 
complee the weight loss being 103.0% at 1100°C -The reduction value of 103.0% 
appears to &within the limit of accuracy of the system which, as shown in ref, 8, 
is of the order of ;2.5 oA at I ZOO “C. The residue From this reduction was silver metallic 
in coIor and the X-ray analysis indicated only the presence of a nickel solid solution- 
With hydrogen plus carbon, the reduction was also complete_ The weight_ loss in this 
case was 98.3 oA at IZCXYC As with the hydro&n reduction, the color of the r&due 
was silver metaIIic and the X-ray es indicated only the presence of a nickel 
soIidsohrtion_ : 

_* __’ -. 
__ _- _ ‘. .. ,. _, 



The weight loss awvs shownin Fig 2 indicate that reducytion with carbon did 
not be+ Ail temPeratures in excess of 700°C The carbon reduction was generally 
slow with -a slightly increased rate occurring between H)o- and 1100°C. Beyond 
ll&Y’C, the curve was 5t, which indicated that the reaction had terminated This is 
in-marked contrast to oxidized nibkel-20 chromium reduced~witfi c&bon* which- 
probabli would have been completely reduced either at temperatures slightly greater 
than 1200°C or, ifheld for a suflicient time, at 12.OO”C The reason for the lcreight 
plateau beginning at 1100°C is not certain Perhaps it is related to the formation of 
stabIe carbides of cohrmbium, tantalum, molybdenum, or tungsten_ An X-ray 
analysis did not reveal the presence of carides. -This is perhaps due to the fact that, 
sine only such smzdl amounts were formed, they were below the limit of detection 
by the X-ray techniques used_ 

As shown by the-weight loss curves, the reduction with hydrogen or hydrogen 
plus carbon was quite similar._ In both cases, the weight loss was initiated at about 
250°C and continued to about 1150°C The most obvious di5rence between the two 
reducing conditions was that the weight loss curve for the hydrogen reduction was 
displaced slightly to the left (lower temperature) of the hydrogen plus carbon curve. 
This is probably due to the fact that carbon alone does not appear to affect the 
reduction until temperatures of the order of 700°C are reached_ Thus, up to this point, 
the carbon mereIy acts as an inert filler material which tends to siow down the reaction. 
A similar behavior was observed with oxidized nickel-20 chromium as reported in 
ref, 8_ Above lOW’C, the hydrogen and hydrogen pIus carbon curves are cIoser 
together since this is the tempemture range in which the carbon reacts more rapidiy. 
The uet result is that carbon is relatively ineffective by itseIfa.n~ tends to hamper the 
reduction by hydrogen_ It may also be noted that the hydrogen plus carbon curve 
levels off at about 1150°C. And, although no carbides were detected in the residue, the 
pfateau conId be associated with the formation of stable carbides. 

Despite these observations relative to the effect of carbon, it has been the 
author’s experience that almost all wet grinding of powders is carried out with 
hydrocarbon solvents. Such a grinding procedure invariably results iu the pickup of 
substantial quantities of carbon Therefore, the combination of hydrogen phrs carbon 
probably more nearly approximates the conditions which would be expected to 
prevail in any practical attempt at reduction of wet ground powders. 

Re&ctio~ of oxL&e~sosolids&~~ ph y’ aBcy (a&y 21 
The oxid&+ solid soWon plus y’ ahoy (alloy 2) contained 19-l % o&en As 

shown in Table 3, an X_ray analysis-of this material indicated the presence of NiO, 
_ct,o,, Nicr,O,, and B&O, in addition to a nickel solid solution. Re&u&ni of this 
mate&l was not complete under any of the reducing conditionsstudied_ _ 

Table 3 indicates that the carbon reduction resulted in a &$ht lo& of 49_4%_ 
?he residu&Vas. black-~arid contained CrzO& &O& and a nickel solid solution. 
.-As -wifh the sobasotion ahoy (alloi 1), h@rogenand hydrogen plus$arbon &ppeared 
to Abe the_&& effective reducing agents; The -we@+ lo&es:wer& 80-8 and 78&y- 

: -, 



x-eqeche. The residue Erom the hydrogezt reduction was black, and an X-ray 
analySs indicated ihe pt-eseuce of a-A120s and a nickel solid solutiou. With hydrogeu 
plus carbon_ the residue was dark grey and contained a-AI,O, and a nickel solid 
SOlUtiOn- 

The failure to observe a-AlzOJ in 3lioy 2 in the as-oxidized condition, despite 
the fact that thermodyuamicahy it would be expected to form, was probably because 
its presence was masked by the large amounts of MO and Cr,O, that were formed 
during oxidation. In addition, the refiecfions from a-A&O, tend to be adsorbed by 
other compounds such as Cr203. This wouId aIs offer a reasonable explaaation for 
the failure to observe any indication of a-AIz03 in the sample reduced with carbon 
alorze, 

Weight l0ss curves for the reduction of ahoy 2 are shown in Fig 3. With carbon 
alone, the wcigbt loss was initiated at about 8OO’C and continued rapidiy up to the 
maximum tcmpcranu-e of 12CWC. Although the weight loss *as only about 50x, the 
sbapz of the curve indicates that longer times and/or higher temperatures would 
probably have rcsultcd in a greater amount of reduction. The weight loss curyes for 
the hydrogen and hycirogcn plus carbon reductions were generally quite similar to 
those for the same reducing agents as applied to oxidized alloy 1 as shown in Fig. 2, 
and the same general comments Seem to appIy. The rezon for the increased rate of 
reaction for the hydrogen plus carbon reduction in the temperature range of IOOO- 
I i5VC is not known. 

The significant of the results of the reduction attempts with oxidized alloy 2 
is the observation that z-Ai,O, once formed during oxidation cannot be reduced by 
carbon., hydrom or the combination of the two. Within the limits of detection by 
X-ray amdysis, the other oxides formed appear to be partially reduced by carbon and 
completely reduced by hydrogen and hydrogen pIus carbon. As with oxidized aUoy I, 
the benefits to be derived from the use of carbon as the sole reducing agent appeared 
tobeminimalatbcst 

Reakcrion of omk&ed NiCrAIY (alloy 3) 

The third ziloy studied, NiCrAlY, was a highly oxidation resistaut solid- 
solution-~*& aiioy. The oxidation resistance of this alloy was demonstrated 
by the Get that heating for 6 h at I iMPC in pure oxygen produced an oxygen pickup 
of only 33%. An X-ray adysk of the oxidized material indicated the presenaz of 
X0, z-/~l,O~, and a ticket solid soIutiou. FaiIure to detect Y,O, was probably due 
to the SIX&I yttrium content (0.17% as shown in Tabk I) of the aifoy. 

Reduction of oxidized alloy 3 was far from comp&e under any of the reucing 
couditious empioyed in this study. The percentage reductions, as shown in Table 3, 
were 10.8, 22.0% and 44-f yW mspectively, for reduction with carbon, hydrogen, and 
hydrogen plus carbon. Thz X-ray analysis of all three reduction residues indicated the 
preseuce only of a-A&O, and a nickel solid solution. The residue from the carbon 
reduction was black whiie the re&iucs from the hydrogen and hydrogen plus carbon 
were d.nU grey and mct.aUic grey, respectively. 
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The weight loss curves for the oxidized alloy 3 are shown in Fig. C The stability 
of this material under reducing conditions, particularly carbon or hydrogen alone, is 
quite evident_ With the combination of carbon and hydrogen, however, a greater 
reduction was observed_ As can be seen, with carbon alone the weight loss did not 
begin until temperatures of the order of 700°C were reached_ From about 700°C 
to the upper temperature limit of 12CKI”C, the weight loss was slow and continual. 
Based on the shape of this weight loss curve it does not appear likely that higher 
temperatures or Ionger tunes would have had any pronounced effect on the reduction, 
With both hydrogen and hydrogen plus carbon, the weight loss began at about 
350°C and continued to ahout IlSO”C where a weight plateau was reached_ Up to 
about S5O”C, the two curves were essentially the same; however, beyond SsO”C, the 
hydrogen plus carbon reduction resulted in a considerably more rapid weight loss. 
The shape of these weight loss curves aiso Suggests that longer time and/or higher 
temperatures would probabIy not have improved the reductio.n As with ahoy 5 it 
seems that z-AI&Is once formed during the oxidation step cannot be reduced by 
carbon, hydrogen, or a combination of the two. 

This study, carried out to determine the effect of controIIed carbon., hydrogen, 
and hydrogen plus carbon reduction of the oxides present in oxidized solid solution 
and sohid solution pius y’-stren_$hened nickel-base aiIoy powders produced the 
following major resuIts_ 

(1) Hydrogen and hydrogen plus carbon were completely effective in reducing 
the oxides present in an oxidizd &id-solution-stren_&ened nickel-base alloy 
powder containing chromium, coIumbium, tantalum, molybdenum, and tungsten, 

(2) With the addition of ahuninum and titanium to the solid-solution-strength- 
ened alloy, the reduction with hydrogen and hydrogen plus carbon was limited to a 
weight loss of 7S-Sl”T_ Presumably this has due to the inability to reduce z-M203 

- formed during oxidation. 
(3) Hydrogen and hydrogen plus carbon at temperatures up to 1200°C were 

not adequate for the removal of oxygen from the highly oxidation resistant solid- 
solution-strengthened alloy NiCrAlY, which also forms a-A1203 on ox%iation. 

(4) Carbon &one at temperatures up to 1200°C was not an effective reductant 
for any of the three alloys srudicd. And in fact it appears that carbon may hmder the 
hydrogen reduction of those materials that can be reduced with hydrogen aIone_ 

The results of this study indicate that hydrogen and hydrogenplus carbon canbe 
used to completely clean certain complex solid-solution-strengthened nickel-base 
superalfoys_ The same reducing agents are on3y partidy effective for c!eaning alloys 
containing the highly reactive y’-forming elements aluminum and titanium Pre- 



samabiy, the major problem is that once a-Ai203 is formed by oxidation, cahon 
hydrogen, or hydrogen pk, carbon are not capable of reducing it_ ThenSore, alternate 
ckaning procaiures mti be developed- These might invok the -use qf halide 
atmospheres or perhaps hydiidfzs of CaIdum~or yttrium, 
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