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National De"ense Research Committee or the 
Office of Scientific Research and Development 

TJar Metallurgy Division (Div. 18), NDRC 

Final Report on "Heat Resisting retals for Gas 
'Turbine Parts (N-102)t Chromium-base Alloys" 

The attached final report by Robert K. Par'-e, sub- 
mitted by A. J. Herzig, Technical Representative of the Climax 
Tolybdenum Company for NDRC Research Project NRC-6, has been 
approved by the representatives of the \'ar Metallurgy Committee 

in charge of the work. 
This report describes the development of a new class 

of metallic alloys, in which chromium is the alloy base. 

I recommend acceptance as a satisfactory final report 
on the work done under Contract OEJ'.sr-i57 with the Climax folybdenur. 

Company. 
Respectfully submitted, 

Clyde Williams, Chief 
War Metallurgy Division, NDRC 
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Copy No. 64 - Navy Dqpr.rtmont, Naval Research Lr.boratory 
Copy No. 65 - Howard C, Cross, Research Supervisor, War Metallurgy Comnlttee 
Copy No. 66 - Robort H, Parke, Investigator, NDRC Research Project NRC-8 
Co;y Nc, 67 - Ward F. Sinnens, Investigator, NDRC Roscrrch Project NRC-S 

RESTRICTED 

Copy No. 1 
Copy No. 2. 

Copy No. 5 
Cory No. 6 
Copy No. 7 
Copy No. 8 
Copy No. 9 

Copy ilo, 50 

Copy No. 51 

;7^ 



Contractors of the bureau of biiips,  ..':•.v.  De£kri«Mti  Kill   IS I) r 
Copy No. 113 
Cory No. 74 
Copy No. 114 
Copy No. 115 
Copy No. 116 
Copy No. 117 

Copy No. 
Copy.No. 
•Copy,_ No. 
Copy *o. 
Copy No. 
Cory «o. 
Copy Ko. 
Copy No. 
Copy No, 

UG 
119 
120 
121 
122 
123 
124 
125 
126 

. 
• 

. 
•. 

-. -. 
• • 

. ; 
'. , 
'.    • - «. " 

- '-•, 
. 

• ; • 
• 

Cory No. 127 
Copy No. 128 
Copy No. 129 
Copy No. 130 
Copy No. 131 
Copy No. 132 
Copy No. 133 
Copy No. 134 
Copy No. 135 
Copy No. 136 
Copy No. 137 
Copy No. 136 
Copy No. 139 
Copy No. 140 

Copy 
Copy 
Copy 
Copy 
Copy 
Copy 
Copy 
Cory 
Copy 
Copy 
Copy 
Coty 
Copy 
Copy 
Copy 
Copy 
Copy 
Copy 

No. 141 
No. 142 
No. 143 
No. 144 
No. 145 
No. 146 
No, 147 
No. 148 
No. 149 
No. 150 
No. 151 
Ko. 152 
No. 153 
Pc-. 154 
No. 155 
No. 156 
No. 157 
No. 158 

«XLis-Chalmora Corporation« R. C. Allen 
: 'ethlohen Steel Company, Colonel R. S. A. Dougherty 
DeLaval Steam Turbine Company, A. Peterson 
Elliot Companyi R, B. Smith 
General Electric Company« A. Kennedy, Jr. 
General Electric Company, D, F. "Tamer 

Contractors of the Any Air Forces 

Allis-Chalmers Manufacturing Company, F. S. i'ac'-ey 
The Dow Chemical Company, "Y. B, Dow 
Eaton I'anufacturing Company, R.  H. Daisley 
Ford r.otor Company, Henry Ford, II 
Haynea-Stellite Company, E. E. Levan 
Lockheed Aircraft Corporation, K. I. Hibbard 
Northrop Aircraft, Inc., J. K. Northrop 
Thompson Products, Inc., A. T. Colwell 
'.'.'right Aeronautical Corporation, "i,  D. Kennedy 

Bendix Aviation Corporation, Eclipse-Pioneer Div., N. E. Goldman 
Clark Brothers Company, Inc., J. N. KacKendrick 
Frodric Flader Company, Fredric Flader ,". 
General Electric Company, J. D. Nisbet 
General iachinery Corp., Hoover, Owns & Rentschier Div., R. P. Ramsey 
General rotors Corporation, Allison Division, R. !:. Hasen  . 
Joshua Hendy Iron "orks, A. A. Browne 
Lebanon Steel Foundry, T. S, Quinn 
l.'.arquardt Aircraft Company, Don Tel tor 
;. :.ssrchusetts Institute of Technology, N. J. Grant 
Packard I'.otor Car Company, R. I.. Williams 
Precision Development Company, A. B. Bagsar 
Solar Aircraft Company, H. A. Campbell 
University of lichigan, J. 7, Freeman, Investigator, NDRC Research 

Project NRC-8 

RESTRICTED 



Kenbors of the Project Ccmittoo 

Copy Nc. 65 - Howard C. Cross, Chainaon   Copy No, 69 - a. F. Killer 
Cory No. 68 - 71. L. B-dgor Copy No. 70 - N. U t'.ochol 

Members of tho flor Uotdtoirgy Coroitteo 

Copy 
Copy 
Ccpy 
Copy 
Cory 
Copy 
Copy 
Copy 
Copy 
Copy 
Cory 
Copy 
Copy 
Cory 

Nc. 71 - Ctrl Broor 
No. 72 t Lyaen J. Briggs 
Nc. 73 - J. HOB H« C*itchott 
No, 74 > Col, R.S.A. •Dcugh&rty 
No, 75 - Rudolph Furrer- < 
Nc. : 5 - H< 71« Glllett 
No. 6 - S. D, Horen 
No. 76 - R. P. Houor • • < 
Nc. 7 - Zry Jeffries 
Nc 77 - Col, G. F, Jon!:s 
Ho. 76 - J. B. Johnson 
Nc, 79 - Jchn Johnstcn 
N>~. 80 - Tt I. Joseph 
Nc. Cl - V. N. Krivcbok 

Copy No. 82 
Ccry Nc. 83 
Coy No. 84 
Ccpy No. 85 
Ccpy No, 8 
Copy No, 86 
Copy No. 87 
Copy No. 88 
Ccry H<. 89 
Copy He. 90 
SORT Nc. 91 

Copy Nc, 92 
Copy Nc. 93 

- Frederick Lnist 
- fl. K. Lonls 
- Docn C. E. MacQuigg 
- C. L, HeCuon 
- R. F. Hohl 
f Paul D. Horloa 
- Col. S. B. Ritchie 
- Gilbert E. Soil 
- I'r.c Short 
- Cr.pt; Lybrcnd Sr.ith 
- Col. A. E. "ihito 
... F. n. fllllard 
- R.  S.  TlilllSBB 
- Col. H, H. Zornig  * 

Technical Repräsentatives of tho Cooperating Rose-rch Contractors 

Ccpy He 
Copy No 
Copy Nc 
Copy Nc 
Ccpy Nc 

Ccpy Nc 
Cory Nc 
Copy Nc 
CajyHo 
Cop; Nc 
Copy No, 
Ccpy No, 

94 - American Br.?ko Shoo CcDpcny» Errnsha'w Cook   '.' 
65 - B-.ttullo I'.euorir.l Institute, Howard C. Cross 
95 - Clioax t'olybdonun Conpany, A. J. Herzig . 
96 - Crone Company, 'J.. J. Kontor/ , '. 
97 - Federal Shipbuilding and Dry Dock Coqpdny, ... 

(U. S, Stool Corporation Rosctxch Laboratories), G. V. Snith 
98 - Lunkcnhoir.or Ccupcny, John Urban ' •' 
99 » Massachusetts Institute of Technology, F. H. Ncrtcn . 
100 - Tho Midvolo Corpcny, F, B. Foloy '* 
101 - Nr.ticn.il Buror.u of Standards, D. J. HcAdcn 
91 - University of Michigan, Ccl. A. E. Vfttito 
102 - Van&diusL Corporation of Anoricc, D. L. Edlund 
103 - tfostingnouso Electric & Ufg, Co. Resdaroh Labor ..torlos, A.A. Br.tos 

\ 

Contractors of the Bureau cf Aorcnautics, Navy Dopc.rtnont 

Ccpy No, 104 
Copy Nc. 105 
Copy He. 
Copy Nc. 
Ccpy Kr. 
Copy Hei 
Ccpy No. 
Coj.y Nc. 
Copy Nc, 

106 
107 
108 
109 
110 
111 
112 

Aorojot Engineering Corporation, A. G, Hrloy 
j.His-Chalners Manufacturing Ccnpcny, J. T, Rotalliata 
Havel Air Exporiaontal Staticn, Supt., Aeronautical Engine Laboratory 
Ncrthrcp Aircraft Inc., A. J. Pholon 
Pratt end Hhltncy Aircraft Division, John Loo 
Roacticn Motors, Inc., Lonell Lawrcnco, Jr. 
Turbo Engineering Corporation, J. G. Lillians 
Yt'ostinghcuso Electric and Manufacturing Ctnpany, R. P. Krocn 
Wright Aoronautieal Cor cretit n, }:. H. Young : 

•r"* J 



Copy No. 159 • 
Copy Ho. 160 - 
Copy Wo. 161 - 
Copy Nc. 162 - 
Ccpy Nr. 163 - 
Copy Kc. 164 . 
Copy Nr. 165 - 
Copy Nr. 166 - 
Ccpy Nr. 167 - 
Copy Nc. 168 - 
Ccpy Nr. 169 - 
Cfpy Nr. 170 - 
Copy Nc. 171 - 
Crpy He. 172 - 
C>JV Ho. 173 - 
Copy Nr. 174 - 
Copy Nc. 175 - 
Crpy Nc. 176 - 
Crpy Nc. 177 - 
ft Py Nc, 178 - 
Crpy Nr. 17? . 
Copy Nc. 180 - 
Copy Nc. 181 - 
Copy Nc. 182 - 
Copy Nc. 183 - 
Copy Nc. 184 - 
Copy Nc. 185 - 
Co y N<. 186 - 
Copy Nc. 187 - . 
Copy Nr. 188 - 
Copy Nr. 189 - 
Copy Nc. 190 - 
Copy No. 191 _ 
Copy Nc. 192 _ 
Copy Nc. 193 - 
Copy Nr. 194 - 
Copy Nc. 195 - 
Copy Nc. 196 - 
Copy Nr. 197 - 
Copy Nr. 198 - 
Copy Nr. 199 - 
Copy Hr. 200 - 

• '.:        .. 

4 •  • 

Tctcl nunbor cf copioa - 200 

*'-  *^"^^M 

^IE5^ m^^MV*m>  * 

' 



RESTRICTED 

TABU flt SflBMtt 

ABSTRACT  1 

INTRODUCTION  2 

PROPERTIES OF CHROMIUM-BASE ALLOTS  3 

Results of Stress-Rupture Tuts and Hot Hardness Testa. . 3 

Density  15 

Xoung's Modulus  1$ 

Coefficient of Thereal Expansion  15 

Corrosion Resistance  15 

METALLOGRAPH! OF CHROMIOM-IBOsT-MOLTBDHTOM ALLOTS  17 

MELTING, PURIFIINS, AND CASTING CHROMIUM-BASE ALLOTS ..... 21 

•XLDIK CHROMIUM-BASE ALLOTS  24 

METHODS OF SHAPED CHROMUJM-IRON-MOLTBnEHUM ALLOTS  24 

DISCUSSION  27 

SUMMART AND CONCLUSIONS  34 

I.   Cheadcal Analysis Data, and Descriptive Notes on 
the Alloys Mentioned in this Report   39 

XX.   List of 8—Umual and CuanlatlTe Progress Report«. . 44 

" IST***--JÜT 

»"•«cam :'~s-r^~- "*^ i.7     • "*j* 
•:./ *"Jf:'3ujV; 



RESTRICTED 

Final Btport 

Project DC-«, Oaaer-457 

f 
nsisrsn BRALS IQB CMS TOHBMI PARTS (1.102) 

aarob 15, 1942 to August 31, 1945 

heat CLIMAX aOlXBDHTOl COIIPAIT. 

Report Prepared Ryt ROBERT B. PARK! 

This report of «ork «dor Contract OMsr-457 at tho research 
laboratory of Cllaax aolybdeuua Coapany of Michigan describes ttaa re- 
sults of a 42-aonth ••arch for boat resistant Betels for gas turbine 
bladaa which ondod la tbo developaent of a now aorloa of alloys. Tho 
principal eleaent of tho «arias la chroniun. 

Tbo ohronlua-rlch portions of thirteen binary and nina 
tomary aystaaa of chroalua ban boon surveyed. 

Methods of aaltlng, purifying, easting, and —chining tbo 
alloy» have boon devised. 

Tba noat promising alloys for gaa tnrblna blades ar» tbo 
ohroalua-tron-aolybdenua tomary alloys ranging In coaposltlon be- 
tween 6og( chroalua, X5% iron, 25JC aolybdonua, and 60jt chronlua, 2SH 
iron, 13Jt aolybdonua. For service at 1600°F. tbo 60Cr-15Fe-25Mo alloy 
la believed to be the boat of the series. This alloy, In a stress- 
rupture test, supported a stress of 30,000 pal at 1600 F. for 430 hours, 
with 6.0K elongation and 6.3)1 reduction of area. For service at 1350°F. 
tba 6oCr-25Fe-15no allay Is considered the best of the series. This 
alley supported a stress of 50,000 psl for UU hours at 1350°F., «1th 
8.00 elongation and 6.2)1 reduction of area. 

Tho stress-rupture properties of certain of 
alloys are superior to those of all other Materials 
oiailarly tested. 

tba ebroaiuB-bese 
to have 
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araowoirag r 
Tlw objective of this investigation was to discover an alloy anf- 

fioiently resistant to the weakening of fact« of baat and to the corrosive 

attack of oxygen at high temperatures that it could serre In the form of 

a blade In gas turbines rotating at 25,000 to 30,000 rpm, with gas tem- 

peratures as high as 1600°T. 

On the basis of certain amplifying assumptions and sons exploratory 

experiments, described in progress reports, the work was directed—after 

the first seven Months—toward a study of alloys of chromium. This de- 

cision was based upon a consideration oft the possibilities of alloys 

of all Metals, the properties of the few alloys of ehronluM obtained in 

preliminary tests, the known difficulties of Baking cbromlua-rleh alloys, 

and the brittle behavior in tension of the early chroniua-baee alloys. 

Ihres years of research have been spent on ehroMiua-base alloys, yet it 

•ust be conceded that only a good start has been Made in their development. 

It Is estimated that half of the total effort in connection with Con- 

tract 0Hsr-457 was of necessity given to Inventing suitable Methods of 

aelting, deoxidising, easting, machining, and tasting chromium-base alloys 

and to designing and constructing appropriate laboratory equipment, to 

save time, these developments ware carried along with the survey of heat- 

resistant alloys of chromium. This concurrence brought forth one inevit- 

able disadvantage! Because of the gradual improvement in techniques of 

asking the alloys, comparison of the more recant and more highly purified 

alloys of one system with the older end less pure alloys of another system 

Is rather difficult. Some Judgment must therefore be used In appraising 

«ha data. 

\ 
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togüM tf Chrolua-Baas Alloy  

A ll»t of the ••Biannual and cumulative report« submitted 

Contract OBUr-467 forma Appendix II of this report. 
I 

HBBBaa at mssssaatst •aaa 

ItJBaVy of Stross-Buature Teat« and Hot Hardness Test« 

The atrea«-rupture teat la considered essential In discriminating 

among materials for gas turbines.    All the promising alloys «ere therefor« 

submitted to Dr. 3. V.  Freeman,  of the University of Michigan, for «tress- 

rupture test.    In the stress-rupture tests of this investigation,  a tensile 

test fear bering a gauge length of one inch and a gauge diameter of 0.160" 

is heated to the testing temperature and loaded to produce the deeired 

•trass.    The force producing the stress is kept constant until the speci- 

men ruptures.    The test data reported are:    the time required to rupture, 

the original stress,  the temperature, the per cent elongation of the gauge 

length, and the per cent reduction of area at the point of fracture.    The 

•tress-rupture test does not reveal a fundamental property of natter, but 

It does reproduce «one of the essential stress conditions in a rotating 

turfeine blade.    Since the test 1« time-consuming, some more rapid method 

of making the primary selection of materiel» was necessary.    One such 

method is the hot hardness test*.    The hot hardness test «as found Tory 

helpful as a guide, first in selecting the alloy base metel and later In 

•electing the elements for alloying vith it. 

The results of the hot-hardness and stress-rupture tests are presented 

in Tables I and II. 

* The hot hardness test employed was similar to the Tickers hardness test, 
except that indentation was performed at some controlled derated 
tMMWttT« \« TWffiHt  
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Cr-Pt 

Cr-Ta 

Cr-Th 

Cr-Tl 

Cr-W 

Heat 
-Jg. 

TABLE I 
Bat bt&uaJm*  Mrf*»*, Bffrw,Pw*»r ? , 

TO  1112  12921600  1700 y 
Co#P9g^tt9R*** 2A   600   700   B70   92S °C 

Cr     16 -'100* Or 

Cr-Be   557 97Cr-3Be (.019C)* 

Cr-Ce  403 88Cr-12Co (.019C)* 
261 55Cr-45Co (.020C)* 

Cr-Cb  384 90Cr-10Cb (.064C)» 
349 85Cr-15Cb (.U2C) 
347 70Cr-30Cb (.223C) 

Cr-Fe   271 74Cr-26Fe (.179C)*   450»» 

193 

563 

569»» 

531»» 
608** 
710»» 

268 
369 
386 
266 
128 

90Cr-10Uo (.015C)* 
85Cr-15Ho 

(.0. . 
(.019C) 

85CP-15MO (.006C)* 
80Cr-20Ho (.0080)* 
70CP-30MO (.035C) 

490»» 
539»» 
495 

Cr-Si       393     35Cr-15Hi (.019C)*       800*» 

343 90Cr-10Pt (.161C)» 390 
340 83Cr-17Pt (.IOC) 575*» 
339 70Cr-30Pt (.2040) 760*» 

370 88Cr-12Ta (.0320)* 395** 
342 83Cr-17Ta (.126C)* 490»» 
352 80Cr-20Ia (.0340) 600»» 
3a 75Cr-25Ta (.1860)* 653*» 

558 95Cr-5Th (.OUC)» 155       94 

429     93Cr-7Tl (.0350)* 
424     90O-10T1 (.1240)* 

55 
15 
56 

103 
H 
94 

-5S. 

90Cr-10W 
80Cr-20W 
80Cr-20W 
80Cr-20W (.17C)* 
75CP-25W 
700r-30W (.100)* 
fnnr-^nw (.MC)* 

351 
392 

399 

531 
452 
572 

75 

142 

305 

132 
272 

302 
330 
51« 

93 

198 
253 
253 
280 
369 

198 

237 
280 
323 

198 

270 
308 
369 
362 

47 

236 
229. 

230 
225 

200 

196 
318 
294 
367 

-322. 
* For «ore complete chenlcal analysis, see Appendix I. 

I *» Microhardness (Vickers indenter, 24.4 graa load). 
F»» Unless otharnrioe indicated, tests were aade on as-cast Material. 

Throughout the paper composition is expressed as proportion by 
•eight or weight nar cent.  
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ftpoporti« of Chromltt—Base Alloys 

•JB.- 

TABLE I (Cont.f"^ 
Jiot Hardness Data 

Heat 
Viclcers Hardness Number 9 

75  1112 1292 1600 1700 "F 
.finrt**    ffo. Comoositlon**»  24  600 700 _.8ZQ_ . 925 °C 

öMf   95 70CT-30W (.09C)*    552 338 
(Coat.) 12 67CT-33W         488 413 

4 50CT-50W          625 286 
13 40CT-60W         465 437 
7 330T-67»         513 338 

CJVV   389 90CT-10T (.169C)»   444*» 296 
396 850T-15V (.064C)*   357 313 286 
390 80Cr-20V (.117C)*   493»» 300 

Cr-Zr  556 97Cr-3Zr (.005C)*   190 143 Ul 132 
422 90Cr-10Zr (.131C)*  262 185 174 
430 90Cr-10Zr (.030C)   249 . 

80Cr-20Zr (.021C)   600»« 
197 193 

397 366 

Cr-Cb-Fe 570 60Cr-20Cb-20Fe(.0UC) 677 
60Cr-10Cb-30Fe(.019C)* 533 

576 524 286 
623 426 389 172 130 

Cr-Co-Fe 563 60Cr-20Co-20Fa(.009C)* 503 291 165 122 80 

Cr-Co-Ho 447 90Cr~5Co-5ao (.091C)» 409 202 185 
446 70Cr-25Co-5Ho (.047C)* 56O 

70Cr-10Co-20llo(.025C)* 503 
172 129 

452 326 288 
441 60Cr-20Co-20»o(.038C)# 657 386 318 
451 58Cr-28Co-14Ho(.034C) 858 469 396 
472 56Cr-10Co-34Ho(.020C)* 572 508 434 

Cr-Co-W 381 75Cr-10Co-15W (.014C)* 630»» 253 
379 70Cr-15Co-15W (.032C)* 700»» 218 
377 65Cr-10Co-25W (.005CJ* 735*» 310 
378 63Cr-17Co-20W (.161C) 800»» 438 
380 63Cr-17Co-20W (.029C) 800*» 308 
376 60Cr-23Co-17ir (.210C)* 825*» 359 
392 60Cr-20Co-20w (.0170)* 800»» 

,60Cr-15Co-25W (.003C)* 800»» 
336 

373 359 
375 60Cr-15Co-25W(.127C)» 1000*» 407 
374 6O0r-15Co-25W (.153C)» 780*» 356 

Cr-ft-Mo 543 70Cr-25Fe-5«o (.0l6c)* 411 374 258 Ul 
547 70Cr-20Fe-10Mo(.044C)* 446 400 334 186 
548 70Cr-15Fe-15Ilo(.035C)* 470 423 366 253 

* For «or« complete chemical analysis, see Appendix I. 
** Microhsrdness (Viclcers indenter, 24.4 gran load). 
*** Unless otherwise indicated, tests »are made on 1 as-cast material - 

Throughout the paper composition is expressed as proportion by 
 gpjghta; »«ight gey <m\i  

f 

m~-     $-~51* 
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BrwtrtUi of Ctotlat-lkM UlCT. 

TABLE I (Cont.) 
Hot Hardness Data 

Beat 
Iff« Conooaltlon»»» 

75 1112  1292  16001700 "F 
 600 222 go 985 °C 

Cr-Fe-*o 418 70Cr-13Fe-17«o(.027C)* 511 
(Cant.) 531 65Cr-30Fe-5Mo (.048C)* 409 

420 65Cr-25Fe-10no(.Q32C)* 473 
363 65Cr-20Fe-15Mo(.057C)* 488 
549 65Cr-15F«-2GMo(.043C)* 473 
471 60Cr-35Fe-5»o (.0330)* 363 
471HI 60Cr-35Fe-5Mo (.033C)* 413 
L-62 60Cr-35Fe-5»o 
530 60Cr-30F«-10Ho(.040C)» 408 
554 
559 
561 
571 
617 
619 
620 
621 
404 
469 
132 
419 
545 
479 

403     260 

450     438 

356 
386 
430 
420 
U2 
434 
518 
455 
482 
432 

246 
291 
376 
369 
362 
353 
403 
334 
308 
336 

6OCr-25F«-15Mo(.037C)* 468 
60Cr>25Fe-15Ho(.043C)* 468 
60Cr-25Fe-151»o(.221C)* 503 
60Cr-25F«-15Mo(.095C)* 503 
60Cr-25Fe-15«o(.073C)* 579 
60Cr-25Fe-15Mo 530 
60Cr-?-5Fa-15Mo(.013C)* 455 
V)Cr-25F»-151»o(.307C)» 530 
60Cr-20Fo-20*lo(.045C)* 600»» 
60Cr~15F«-25Mo(.027C)* 498     430     396 
60Cr-10Fe-30Mo(.0770)   481 
60Cr-10F«-30Ho(.021C)* 655«* 
55Cr-40Fo-5Mo (.0370)* 390     303     220 
55Cr-35Fe-10Mo(.040C)* 433     362     288 

479-1 55Cr-35Fe-lCMo(.040C)* 657 
414    55Cr-30F«-151o(.062C)* 482    382     328 
476B 55Cr~30Fo-15Mo(.066C)* 690 
537 55Cr-25Fe-2Oto(.030C)* 478 416 359 
539 55Cr-20Fe-25*o(.011C)* 508 529 382 
417 55Cr-15F»-30Mo(.036C) 514 
478 50Cr-45Fo-5Mo (.019C)* 366 
478HT 50Cr-45Fe-5«o (.0190)* 665 
933 50Cr-40T«-lC*o(.032C)* 378 
470 50Cr-35F«-15Mo(.O75C)* 483 
470HT 50Cr-35Fe-15»o(.075C)* 894 
535 50Cr-30F»-20lk>( .0110)* 479 
416 50Cr-25F«-25llo(.063C)» 552 
485B 50Cr-25F«-25Mo(.075C)* 757 
538 50Cr-20F*-30Ho(.066C) 533 518 450 
552 50Cr-20Fo-301»o(.013C)* 525 490 430 
US     MCr-10Fo-Aaio(.02SCl»Slo. 

253     167 

320     247 

382     338 

282 
116 
220 
229 
293 
117 
128 
110 
M9 
214 
207 
192 
208 
210 
195 
198 
220 
296 
296 
382 
317 
77 

148 
223 
223 
260 
247 
256 
382 
75 

186 
111 
185 
315 
240 
291 
442 
394 
326 

JSL. 

173 
216 

84 
103 

148 
152 
141 
153 
180 

274 

112 
167 
171 
214 

362 
61- 

126 

153 
342 

278 
274 

J32- 
• lor worn complete chenlcal analysis and description of the alloy», 

MO Appendix I. 
** •lcrohardneas (Vlckara ladenter, 24>4 (Era* load). 

*** Unless otherwise indicated, teats war« aada on aa-eaat Material, 
throughout tba paper «»position la expressed as proportion oy 
•eight or weight pmx cent.  
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BrnawtiM of BgaMafcJm «"»• f 
t 

Heat 
äuia Sät. 

TABLE I (Cont.) 
flat Hardness Data 

Vlckers Hardness Huaber j  
75     U12     E921600     1700 °1 

Co»poaltlon*»*-       2A      600      700       870      92S °i 

225 

Cr-F*-*o 434 45Cr-20Fe-351lo(.f>930* 579 
(Coat.) 474 4OCr-50Fe-10»o(.0*>0* 336 

550 40Cr-55Fe-5Mo (.0290* 309 
433 32Cr-29Fe-38Ho(.054C)    370 
553 30Cr-65Fe-5«o (.0020* 263 
437 20Cr-50Fa-3OMo(.106C)   772 
440 13Cr-65Fa-22Ho(.017C)» 579 

Cr-Fa-Hl 567 60Cr-20Fe-20Si(.013O* 724     450 
257 50Cr-3Fe-47Hl (.071C)* 331*» 

122 

166       104 

359 
407 

722 

541 
172 

268 

Cr-Fa-Ta 449 
448 
463 
461 

65Cr-25Fa-10Ta(.U2C)* 478 
60Cr-20Fe-2OTa(.126C)* 554 
57Cr-28Fe-15Ta(.077C)* 493 
50Cr-25Fa-25Ta(.0970* 560 

Cr-Fa-I 313 
409 
412 
312 
272 
356 

Ir-41 
FP152 

3U 
382 
387 
91 

315 
130 
408 
388 
321 
400 
407 
320 
335 

70Cr-15Fa-15H 
65Cr-20Fe-15W 
60Cr-30Fa-10H 
60Cr-25Fa-15« 
60Cr-20Fe-20W 
60Cr-25Fe-15* 
60Cr-25Fa-15W 
60Cr-25Fe-15W 
60Cr-20Fa-20W 
60Cr-20Fe-20R 
60Cr-20Fe-20W 
60Cr-15Fe-25" 
60Cr-12Fe-28*. 
60Cr-10Fe-30a 
55Cr-25Fe-20W 
530r-15Fa-32W 
52Cr-21Fe-271l 
52Cr-llFe-37W 
51Cr-19Fe-30W 
50Cr-25Fa-25W 
47Cr-32Fe-21* 

(.021CJ* 
(.010C)* 
(.021C)* 
(.0710* 
(.0940* 
(.0630* 

(.019C)* 
(.0700* 
(.0430* 
(.0460* 
(.016C)* 
(.034C) 
(.0410* 
(.041C) 
(.0920* 
(.008C)* 
(.021C)* 
(.098C)* 
(.0840* 

570** 
600** 
580*» 
575** 
602** 
468 
429     326 
536 
595** 
598** 
620*» 
462 

503 
585*» 
730*» 
630*» 
625*» 
650*» 
620 
529 

268 

389 
474 
227 
744 
34 

665 
161 

94 
96 

231 202 
256 200 
1*5 137 
213 167 

216 
206 
156 
184 
226 
210 
178 
342 
253 
218 
253 
294 
310 
319 
237 
369 
305 
359 
351 
285 
219 

167. 

286 

291 

Cr-Te-0   421   80Cr-15Fe-5U    (.1560*397 
Cr-Ta-Zr 622   60Cr-30Fa-10Zr(.108C)* 483 300      244 

cr-am 328 
327 
324 

75Cr-10Ni-15* (.I860* 715 
60Cr-Ä)Hi-20f (.2610* 835 
60CT-15U1-25W (.1750*870 
•SOCr-gJMl-Zffl (.OttO* 

179 
129 

291 
356 

-212- 

251 
179 

134 
99 

282 
181 
229 

\ 

• For aora complete chemical analysis, aaa Appendix I. 
** Hicrohardness (Vickers lndentar, 24.4 graa load). 

HM Unless otherwise indicated, tests were aade on as-east Material. 
Throughout the paper composition is expressed as proportion hy 
weight or weight aer cent.  
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Some of tbe stress-rupture teste sera Incomplete because the specimen 

broke during loading, during beating, or during Installation. Since greet 

cere was alsays taken in testing, It is safe to Infer that If the speciaen 

broke by any of tbe three methods aentioned, that particular alloy was too 

brittle to survive a tiny shock. 

Density 

Tbe observed and coaputcd densities of some chroaium-baee alloys «re 

recorded in Table III. The densities computed according to the relation 

Density of alloy • STTS-. ffl. , • ,  «r* 9f a  7JS3MJZT* .... 
Density of A  Density of B 

are within & ot the observed densities. 

Those alloys that are not high in tungsten have lower densities than 

the cobalt-, iron-, and nickel-base alloys. 

Fro» optical measurements of deflections of a cantilever bee» and 

electrical strain gangs aeasureoents of a tensile bar, loung's aodull of 

•one chroaiua-baaa alloys have been computed; they are given la Table XT* 

fttfflcltJrt at UmaMkJaaaaiaa 
The.coefficient of thermal expansion of one alloy (65Cr-35*) la the 

temperature range 80 to 1650°F. was determined to be S.U * 10"6 per °F. 

Mostly as a result of incidental observations made during various 

tests and chemical analyses performed on ohroaittn-base alloys, some in- 

formation on the corrosion resistance of ehroalnn alloys has been obtained. 

K 
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TABLE III 

Bm&fac °T !Svn (jyim\n Wan 

^ 
- SaM2siU°j 

T3        70CP-30W (.026C) 
L-5VP   57Cr-23Fe-20ao (.018C) 
469      60Cr-15Fe-25Mo (.027C) 
445**   50Cr-10Fe-£QMo (.025C) 
533*** 50Cr-40Fe-1.0Vto (.032C) 

...   JBsaäLÜ 

Ae-cast 

Density. «7cc 

As-cast 

399-2   57Cr-21Fe-22W (.024C) • 
399-4   57Cr-21Fe-22W (.024C) Held 324 h • 1600°F. 
212-M1 47Cr-23Fe-27W-3Uo (.026C) As-cast 
214-W 45Cr-23Fe-29K-3Mo (.050) * 
216-411 45Cr-23Fa~29W-3Mo (.029C) • 

239-«. 58Cr-20Fa-2OT-2Mo (.018C) • 
240-M1 54Cr-22Fe-22W-2Mo (.021C) • 
243-M1 52Cr-22Fa-24W-2Uo (.018C) * 
246-111 56Cr-20Fe-22W-2Mo (.013C) • 
842=11 ,32Ssa3Ife8gJbato, (tSim. 

8.82 
7.74 
7.80 
8.16 
7X1 

8.44 

8.90 
9.03 
9.03 

8X8 
7.7475 

8.45U 
8.5670 
8.7831 
8.9251 
8.9252 

8.36 8.2638 
8.52 8.4290 
8X5 8X244 
8.49 8.4164 
8.3A 8.3100 

• Tor more complete chemical analysis and description of the alloys, 
see Appendix I. 

** Strongest chroniua alloy at l£00°F. 
Mart frwffl« steal« iiai it teflpfti  

(71      60Cr-35Fe-5Ho      48 Hrs. » l600°r.       32,600,000   Cantilever ban 

TABLE IV 

•oduiua of Hmüftlitet at Ban flggriM tiAsu 

Coapoaltlon. **       Condition Modulus, osl TTM.gtlfrt. 

476 
479-1 
479-2 
480 
485 
480-1 
480-2 

550r-30Fe-l5Mo 
55Cr-35Fe-10*o 
55Cr-35Fe-10!to 
60Cr-20Fe-20Ho 
52Cr-24Fe-24Jto 
60Cr-20Fe-20Mo 
60Cr-20Fe-20Mo 

5U-A 60Cr-20Fe-20W 
514-B 60Cr-20Fe-20W 
JA**, ,60Cr-20Ff-S0W. 

4 
4      •      •      a 
168 sea 
As-cast 
1/2 Br. • 1600°F. 
As-cast 
As-cast 

As-cast 
As-east 

-Assart. 

35,820,000 
32,960,000 
35,960,000 
35,300,000 
32,670,000 
34,780,000 
35,860,000 

36,500,000 
37,000,000 

•37.300,900, 

Elec.strain gage 
• •       • 

* Tor more couplets chaaical analysis and description of the alloys, see 
Is. 
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•rtrilwitPtiT, °tJr-Ttrto.£2s3£ !. •- JZ f 
the streee-rupturs tests, which were performed in air, indicate that ell 

the alloya except the chromium-vanadium alloya are sufficiently resistant 

to oxidation that their load-carrying ability at lfcO0°F. is not Impaired 

hy thle type of corrosion. Many aetallogrephic examinations have been 

made of tested stress-rupture bare and no evidence of intergranular 

corrosion has been found. 

Special tests have shown that the 50Cr-25Fe-25«o alloy reslsta the 

attack of lead oxide and lead broaide at 1600°F. 

Daring chemical analysis, the ehroalum-iron-molyMennm alloys con- 

taining at least 20* molybdenum resisted attack by all combinations of 

•ulfuric, nitric, and hydrochloric acids. 

A few corrosion tests were Bade in hydrochloric acid at room temper- 

ature, the results are recorded in Table V. apparently, carbon aber« 

0.10t reduces resistance to hydrochloric acid* 

mtumtm or maaatsaudasamm turn 

Only the chromittB-lron-molybdem» alloys have been studied suffic- 

iently for a discussion of their metallography, and even here the sum of 

knowledge is not large. 

Chromium, iron, and molybdenum are transition metals; they all crys- 

tallise in the body-centered-cublc arrangement. Only iron is certainly 

allotropic. The transformation from body-centered-cubic to fece-centered- 

cublc, which occurs in iron at l£70°F. (910°C.) on heating, doea not occur 

in iron-molybdenum alloys containing more than % molybdenum nor in iron- 

ehromiua alloys containing more than 17)» ehronlsm. Therefore, in chromium- 

iron-molybdenuD alloys containing more than 50* chromium it is to be 

\ 
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tip-»*^1 that In addition to lntarastallic compounds, only body-eentared- 

cubic, chromlua-ricb solid solutions «HI bo found. Bo contradictory 

evidence has eoae to light. 

The atoalc radius of Iron la only 0.89 saallar than tha atoalc radlna 

of chroalua, and the atoalc radius of aolybdenua la only 8.89 larger than 

that of chroalua. It la to be expected then that ehroalua-base alloy• 

«lth Iron and aolybdenua have melting points not men halo« the »eltlng 

point of chroalua. This la true If the Impurities carbon, oxygen» nitro- 

gen» end silicon are kept low. 

Bqullibrlua diagrams hare been satisfactorily eetabllahed for the 

Iron molybdenum and the chroalua-Iron binary systems, but not for the 

chroalua-molybdenua system. The chromium molybdenum aysten has been re- 

ported In one Instance aa an eutectlf arous aeries of the t«o terminal 

solid solutions» and in another Instance aa foraing a continuous solid 

solution fron 1009 chroalua to 1009 aolybdenua»«. It «aa considered Im- 

portant to the present Investigation to establish at least the general 

fora of the ehroalua-molybdenum systea. In order to care tlae and to re- 

duce the effect of Imparities to a alniaua, a •ery pure aample of eolyb- 

denna and a very pore aample of chroalua «ere prepared with all possible 

«are. The two «ere press «elded together in vacuua at 2300°?. (12oO°C.) 

and allowed to diffuse into each other at that temperature for twenty- 

eight days and furnace cooled. Thua a series of alloys, from lOOJt 

chroalua to 1009 aolybdenua, «as made. Beginning at the chroalua and 

of the diffusion couple, successive layers (each 0.009" thick) «ere re- 

moved on planes parallel to the original molybdenum-ehroaium Interface. 

• BledBchlagt Z. anorg. all«. Cbaa.~i51tl9l' (W23i 
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precipitate at primary grain boundaries as compounds, Impair the ductility 

of ehroaiua alloys much nor« than of Iron-bag« alloys. 

r 

MttTVfi. mTrran- "D "4?TWT 

At the tine of deciding to Investigate chroatua-bue allays, it ems 

expected that the alloys would be brittle« Therefore, it was necessary 

to choose a nethod of preparation which offered the greatest possibility 

of developing their maximum ductilily. Only three methods were regarded as 

having possibilities for aaking useful shapes of chromium-base alloys« 

1. electrolytic deposition of the netals followed by a diffusion anneal. 
2. Pressing powderad netals followed by sintering and hot working. 
3. Halting and casting toe netals. 

In soae early experiments, binary ehroaiua alloys were wade by 

electrolytic deposition followed by annealing, but to develop the separate 

procedure» needed to deposit electrolytlcally the aany alloys planned for 

study seeaed too great a task for the tine allotted. Furthermore, aost 

electrolytic aethods deposit aetals contaminated with hydrogen and oxygen. 

The latter is often difficult to remove. 

Pressing the powdered aetals is preferred to electrolytic deposition, 

tat this method cannot produce void-free (end thus stress-raiser-free) 

allays unless the pressed and sintered shapes are hot worked or unless 

prohibitively long sintering times are used. It was reasonable to doubt 

.that the allays having high strength at lfiOO°F. could be hot worked by 

conventional means. Host metal powders contain Injurious amounts of 

oxygen as oxides, which are difficult to remove in the solid. Finally, 

experience and equipment were lacking in this laboratory for working in 

powder metallurgy and Inquiries for outside aid disclosed that laboratories 
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equipped for powder metallurgy techniques «are fully on 

problem«. 

melting and casting at the time to offer tha most hop« of 

making useful articles of ektoaln-tan allay«, for ttaara ia tha bast 

opportunity of removal of impurities detrimental to ductility «baa tha 

alloya ara la tha liquid atata.   accordingly, thle method «as adopted. 

Up to no«, no reason for questioning tola decision has appeared to those 

associated with the investigation, although It baa been reviewed at 

Intervals «hen tha «siting and easting aathod encountered obstaolea. 

Volten chroaiua and chromium-rich alloys rapidly absorb nitrogen, 

oxygen, and carbon in amounts datrlaantal to ductility»   Election of 

the salting and casting method requires evidently that these operation» 

bo done in vaemai or la inert (i.e., rare gas) atmosphere.   Malting in 

an inert etaospbere «ill prevent absorption of nitrogen and oxygen and 

carbon, but oxygen and carbon «ill not be removed if present (and they 

always are present in deleterious aaounts) la the aelt unless the inert 

ataosphare la continuously replaced by purified rare gas.   In vacuum, 

carbon and oxygen may be removed through tha reaction 

C+l/2 02 00 

If the concentration of carbon monoxide above the aelt Is Is* 

the concentration of oxygen (for a given amount of carbon) may be re- 

duced to any desired value, within certain obvious practical limitations. 

It «as believed possible to set up for operation in vacuum ia lass time 

than needed to construct equipment for circulating and purifying rare 

eases, also, tha source of heat available (high-frequency electro- 

magnetic induction) «as low in poser and this limitation made heat 

.tion an essential, heat losses are a ainisun la vacuum. 
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These are the nuni for Halting In vacuun. One« tha vaeuua 

salting equipment la available. It la fairly easy to arrange to oaat la 

The vacuum Halting and casting aethod la applicable to all ehroalua- 

baM alloy• except those producing a Tapor phaaa of auch high praaaura at 

tha salting temperature that tha loaa of metal becomes excessive. Kost 

aatala of high melting point, which «ra tha aatala of greatest lntaraat 

to thla investigation, hare low vapor pressure and produce alloys of low 

•apor pressure. Chroalun Itself la tha most difficult of the refractory 

metals to aalt In vacuum because of lta high rapor pressure. Neverthe- 

laas, pure chromium can ha melted and deoxidised In racuua by tha methods 

of this investigation If the power Input during malting is high enough 

to perform tha operation quickly. However, chromium is not strong enough 

at 1600*7. and thus not useful In gaa turbine blades. 

Tire vacuum-melting and easting apparatus ware constructed and 

operated to Bake alaple shaped castings for this investigation. Ihese 

hare boon described in unissued Progress Reports of Contract OSMsr-467, dated 

Kovember 16, 1943, Hay 15, 1943, and Hoveaber IB, 1943. 

Xt la believed that the aethod of vacuua Belting chromium-base 

alloy« has bean brought to a atage suitable for eoanarclal use, with 

certain »edifications. This is not so of the casting aethod, »Aioh la 

applicable only to alaple shapes, since ehroaiua alloys have eo far bean 

suooeeefully east (in thia laboratory) in metal aolda only. Both copper 

aad lew carbon steel have been used as »old materials. The aost complex 

i 
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east Ice* formed la metal «old« ware supercharger hledes and shroudless 

gas turhlne hlades. 

A few eesting experiments ware performed with silica »and mold». 

Äey were all unsuccessful, owing to aalt lag of the »11 lea. Malt lag of 

the allies, aolde occurred area whan easting Into molds at room temperature. 

One experiment Indicated that chromluB-lm.se alloys could he east Into 

Beryllla aaad molds. Time was short, and so this part of the Investigation 

(which ought to hare included alumina aad clreoala aaad molds) had to ho 

dropped. It should, however, he an Important part of any future develop- 

ment of chromlum-hase alloys. 

TOfllw CHBOWPM-SASH JJWT3 

Chromlum-hase alloys cannot he welded hy the techniques used to Join 

eohalt-. Iron-, aad nlekal-hasa alloys, haoause the chromium alloys heooma 

emhrlttled hy ahsorptlon of altrogaa aad oxygen and hy formation of 

hrittle oompounds with the nlekal la the welding rod,    Tacperimente on the 

MBO-8 program under the supervision of Mr. Howard C. Cross, Supervisor of 

Heat Resisting Alloys Research, Var Metallurgy Committee, and Messrs. J. 9. 

Ushet and J. A. Cameron, of General Electric Company, fort Wayne, Indiana, 

indicate that chromlum-hase alloys must he welded In an inert atmosphere 

amah as la the helium-shielded electric are.   The welding rod also should 

ha a chromlum-hase alloy. 

Haag g SHVMO (giwMtvV^-iBijrBPiiyH mm, 

Moat of the ehromium-hase alloys must ha ground, for they are too 

hrittle to ha shaped with euttlag tool*.   Of the 900 heats of chromium 
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Methods of Shaping Cr-Fo-Mo Alloy« -25 

100? Mo 

Alloys la the region 
bounded by the dashed 
lines can be aalted, 
purified, and east 
by the ae'" 
this lnvostl 
gat ion 50j[ 

Alloys In this 
region are too 
brittle to be 
ground 

100* Fe 

Alloy In this 
region are 
aachlnable 

lOOf Cr 

Alloys In this 
region are forgeablo 

Figure 1 

Methods of Shaping Cr-Fe-Mo Alloya 
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alloys wade, 200 were chrowiuw-iron-wolybdenuw allayB.   Owing to greater 

experience with the chrowluw-iron-wolybdenuw alloye, sore le known of the 

trt of eaklog and shaping then than of cbrowlaa-base alloy» of any other 

ayeten. The description of shaping chroniuw-base alloys is therefore 

confined to cbrowiua-iron-wolyhdenua alloys, hat it is hollered that the 

techniques any be readily applied to the ohroaiun-iron-tungsten alloys. 

All cfarowlua-iron-aolybdenuw alloys containing less than A3% aolyb- 

lenua can he welted, purified, and cast in vacuuw hy the nethod descrlhed, 

la part here and la full detail in the progress reports. Siaple shapes 

can readily he static-cast into aetal wolds. Qr easting eentrifugally, 

rings and cylinders can be wade. At present only those shapes are 

readily castahle which can shrink without being restricted by the wold. 

Ilatal wolds have the advantage of chilling the welt rapidly and thereby 

producing flae primary grains, but rapid chilling also causes large 

tenperature gradients in the eastings which in turn way cause cracks. 

This weans that chrowiuw-iron-wolybdenuw alloys should bo chilled frow 

tbe welt at the warlaua rate that does not cause cracking or induce un- 

favorable residual stresses* With difficulty, supercharger buckets have 

been cast la aetal wolds having retractable inserts. The usual silica 

sand aolda aalt when chroaiua alloys are poured into thaw. Khan wore 

refractory sand wolds beeoae available, chroaiua alloys way be east lato 

wore Intricate shapes. 

All the chrowiuw-rlch cbrowluw-lron-aolybdenua alloys way be foraod 

by grinding, except those of eowposltione near 3SCr>25ao-40*o. Host of 

tbe cbxowiuw-iron-w«lybdenuw alloys containing at least 1# Iron, except 

those aeer 35Cr~25Fe-40ao, can be turned and drilled with standard high 

«ft 
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speed steel tool*. The cutting speeds are 34.0 ft/ala (for taming) and 

100 to 130 rpa (for drill» froa 1/4" to 1/2* dlaaeter). 

8oao of the alloy» containing aora than 25)1 Iron oaa ba bot-f oriaed 

at toaperatnres near 2700°r. (U80°C.). Tha poaaibllity of hot fernlag 

•van alloy • containing laaa than 2$K iron should ha carefully considered 

la «ay future Investigation of shaping efaroalaa-haso alloys. 

Tha eoapositlona which can ha hot worked, those that can be aachlaod 

«lth high speed steel tools, those that can ba cast and foraed by 

grinding, and those that can ha foraed by easting only are outlined on 

the ternary diagraa of Figure 1. The dlagra» refers to ternary alloys 

oontalnlng not aore than 0.10ft carbon, not aore than 0.05)1 oxygen, not 

than 0.09JK nitrogen, and not aore than 0.50)1 silicon. 

The original plan of work under Contract OBler-457 included the 

dial ape ant of eoaparatively new aetal aysteas rather than rasearah to 

perfect the high tawparatnre properties of eoaaerelal alleys of cobalt, 

Iron, or nickel. At that tlae the opinion, was held that to effeet a 

large Increase la tha load-carrying ability of aetala at nigh teaperatore, 

an allay base should ba aelaoted whicb has a higher salting point than 

iron} for It was hollered that the state of the knowledge of solids was 

•nah that no aore reliable criterion of strength at high taaperatare was 

available than aeltlng point, it the saae tlae It was also considered 

laprobable that pure aetals would hare as high strength at elevated 

tenparatares as their alloys. 
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In consequence of these beliefs, the first alley« «tudiad were 

tungsten-bass, tungsten-ohroeiua alloys, cbroniua being aalaotad for 

corrosion raaiataaoa. 

At l600°r. tha hardness of tha tungsten-rich alloys was determined 

to ba bataaac 300 and i&O Tickers Pyramid Nuabor. Tha hardnasa of 

several refractory Iren-, nickel-, and cobalt-bus» alloys taatad at 

150O°F. was batwsen 100 and 190 Tickers Pyraeid Nuaber. Purely as • 

•attar of Judgment, this dlffaranea la hot hardnasa saa larger than was 

tboaght Beaded to brine «bout tha desired substantial improvement la 

elevated temperature strength. It was found that the hardness of some 

ef the ehroalua-rlch, chromium-tungsten alloys at 1600°F. aas about 

500 Tickers Pyramid lumber and, while not aa high as tha hardest tung- 

sten-rich, cbroaJua-tungaten alloys, ware still appreciably harder than 

the iron-, cobalt-, and niekal-basa alloys. The alloy containing 70Jf 

ehroaluw and 30Jf tungsten, for azaapla, with hardness of 338 Tlekera 

Pyramid Kumber at 1600°F., aaeaed worthy of special study. 

As a result of further examination of the cbronlua-rioh, ehroadna 

tungsten alloys, and upon noting that they were lees brittle than tat 

tungsten alloys, it was decided to dlreet the search for heat resistant 

alloys toward ebroalua-baee alloys. 

It is true that in asking these decision» there waa perhapa rather 

too auch faith placed In the hot hardness teat, but the exigency of the 

tine necessitated tola, additional evidence in the stress-rupture test 

aoon was forthcoming, to afflra the indications froa the hot hardness 

test that chromium-bass alloys had exceptionally high strength at 1600°F. 

r, the ductility ef the early chromium-base alloys, as aeasured la 
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the stress-rupture taot at 1600°P. was very ID* (aaro to % elongation). 

Ductility requirements of turbine blade materials «ere not definitely 

known In 1942« but fron the beat opinions obtainable it appeared that 

ebromlum-baae alloys would be inadequate in shock resistance. 

It besame necessary to change the objective fron a search for nee 

high strength refractor/ alloys to improving the ductility of chroalun- 

bas* alloys« tbrk on increasing the ductility of chromium-base alloys 

was carried principally along two separate lineat One was to reduce the 

waount of impurities} the other was through alloying. Both method« con- 

alat of investigating the effect of the composition variable upon duc- 

tility, the former involving development of special techniques and the 

latter, the art of alloying. 

On the problsa of purification, work was confined largely to 

elimination of chromium oxide, an imparity considered detrimental to 

ductility. Since, as previously stated, oxygen could be reduced by 

adding to the molten chromium-base alloy a chemically equivalent amount 

of carbon to form carbon monoxide and maintaining low partial pressure 

of carbon monoxide above the melt, the problem was essentially one of 

design of apparatus to efficiently carry off larger and larger volumes 

of gas at lower and lower pressures. 

The amount of oxides or other non-metallic inclusions which a metal 

can tolerate, before the cause of rupture under simple tensile stress 

can bo attributed to Inclusions, la dependent upon the inherent ductility 

of the metal In the inclusion-free condition} the amount decreases a« the 

Inherent ductility decreases. The tolerance for non-metallic Inclusions 

is further lowered If the metal is subjected to biaxial or tarl-exial 

•\r 
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tadli etreaaea. 

It 1> thna aore rewarding to iaprove the parity of chrosiua-baae 

alloya than» for Instance, lron-baa« alloyB. 

Ac the oxide content of tha alloya haa bean reduced, the ductility 

of tha alloya baa increaaad. At present the eaount of oxide aa aeaeured 

aloroaoopically la leaa than 0.10)1 by voluae, but because tha oxidea 

•—ally reside at tha grain boundaries, where they ere especially effec- 

tive aa atraaa raisers, It la desirable to reduce than still further. 

Odd« Inclusions on crystal boundary surfaces In chroaiua-base 

alloya have been observed to fom thin sheets 0.2 to 1.0 alcrona thick. 

A crystal facet (found on a fractured surface) with oxide plate attached, 

typical of an incoapletely deoxidised heat la illustrated In Figure 2. 

Some solid daoxldlaara were added to nolten ehroalua-base alloya la 

endeavors to reduce tha oxygen content of the alloya. The deoxidiaera 

added were slreoniua, aagnealua, wanganeae, aluainue and hydrogen. Hone 

waa H efficient aa passing off oxygen as carbon aonoxide. The experl- 

aanta on dcoxldatlon were, however, not cowpiete, so that it cannot be 

concluded that oxygen renewal la beat perfomed by carbon. 

The laprovoacnt of ductility by alloying chroaiun aa a base re- 

quired that a ayateaatlc surrey of refractory alloya of chroalua be wede. 

oyateamtlsation eonprlaed the study, first, of refractory binary alloya 

of obroalua, and second, of refractory ternary alloya of chroalua. Thla 

aa planned la alaoat eoaplete so far aa binary alloya of ebrütflu*. 

The aoat difficult problan faced In surveying alloys of chroalua erne 

that of eoapreaalag the survey to a also that could bo handled by this 
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Figure 2 (#9018) Oxide Platesattached to a 
Crystal Facet (indicated by arroas). 
Unetched and unpolished surface 
prepared by fracturing.     1500 
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laboratory and yet not alas the bMt chromium-base alloy. 

In outlining the experimental work for the survey of refractory 

alloy« of chronlum, a number of assumptions were aade. These assumptions 

are discussed In detail In the progress report«, but they «111 be re- 

peated here so that extenalveness ot the surrey May be evaluated. The 

•ajar assumptions wäret 

1. Elements should be selected that are likely to reduce the 
»eltlag point of the alloy as little as possible, that Is, 
high Belting metals, preferably high melting transition 
metals. Metals haying oelting points below that of man- 
ganese (1260°F.) were arbitrarily excluded. 

2. High temperature strength should not be obtained primarily 
by forming precipitation-hardening compounds with nitrogen 
or carbon, since these elements diffuse rapidly in the 
interstitial solid solutions which they form with chromium. 
The strengthening effect of nitrogen and carbon at high 
temperatures will thus be of a temporary nature. 

J. metals costing more than one dollar per gram would be too 
scarce to consider for gas turbine parts. 

4. The Investigation should be confined to alloys containing 
at least 50 per cent chromium, In order that the alleys 
Inherit the valuable properties of chromium, corrosion 
resistance, high melting point, and low density* 

These assumptions limited the binary alloy investigation to thirteen 
la. 

Ire* the Investigation of the binary systems, it «as concluded that 

the Cr-Fe, Cr-tri, and Cr-Co alloys «are the moat ductile at 1600°F. and 

that the Cr-Cb, Cr-*>, Cr-Ta, and Cr-I alloys were the strongest. Bat 

the ductile binary alloys were weak and the strong alloys, brittle.* 

From the ternary investigation, alloys in five systems were found 

having a better combination of strength and ductility than the beat binary 

alloys. The five systems are* Cr-Fe-Mo, Cr-Fe-W, Cr-Fe-Ta, Cr-Co-Mo, 
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•ad Cr-Co-V. Tb* Cr-Co-Mo and Cr-Co-1 «liars «ere soon abandoned because 

of their troubleso»e brlttleness at roo«j temperature. The Cr-Fe-Ta alloy« 

«ere also abandoned, baeaaM their properties «er« Inferior to ttaoB« of 

alloys of tbe other four ternary «ystsas and bacaus« the Cr-Fe-Ta alloy« 

are the «oat costly. The Cr-Fs-W «ad the Cr-Fe-Mo alloys «er« than «totted 

la aoa« detail. Proa this study It «as concluded, upon considering only 

alloys having a ainlaua of % reduction of area In the stress-rupture t««t 

at 1600°F., that the best Cr-Fs-ao alloy (Bo. 469) «as slightly batter 

than the best Cr-Fs-W alloy (to. 382). Alloy Ho. 469 supported a stress 

of 30,000 pel at 1600°F. for 291 hours, «1th % elongation and 5* reduction 

of area. Alloy Ho. 382 supported a stress of 24,000 psl at 1600°F. for 

110 hours, «1th 7Jt elongation and 5.5J& reduction of area. The density of 

Alloy Ho. 469 Is 4.8% less than that of Alloy Ho. 382. The Cr-Fe-1 alloys 

generally resisted oxidation at 1600°F. better than the Cr-Fe-Mo alloy«, 

tat there «as no evidence that the Cr-Fe-Mo alloys failed In the stress- 

rupture test because of oxidation. 

On the basis of stress-rupture properties, density, availability, 

sad cost of the constituent «etals, after tasting 29 chronlua-lron-aoJyb- 

dsnua sad 39 chroalua-lron-tangsten alloys, the Cr-Fe-ao systssi «u ss- 

— looted for extensiv* Investigation, «hloh pointed out that alloys of the 

aost useful combination of strength would be found not too far froa the, 

eoaposltloa 11a« Joining the 60Cr-25Fe-15»o alloy «1th tbs 60Cr-15F*-25*to 

alloy. 

At this point it would be proper to choose t*o or three alloys la 

the «»position rang« Just outlined sad conduct intensive studies of the 

effects of special variables on thtlr properties. These special variables 
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would, tor example, be heat tre&tasnt, grain size, hot working, residual ele- 

•KUI such as carbon, silicon, oxygen, and nitrogen. Such a progran was ini- 

tiated, but not coapletod, Just before the wbola investigation was terminated. 

Tha program has, at tba tine of. writing this report, provided sufficient 

information to tanpt tba author to aake tba following atataaanta, which, if 

trow, will aid future investigations of chroaiua-b&ae alloysi 

for optimum combination of strength and ductility of tba 60Cr-25Pa-15Jh> 
alloy »t 1350°F.t 

1« Tha carbon content should be about 0.059• 
2« tha silicon content should be about 0.5)1. 
3« The oxygon content should be a ainiaua. 
•»• Tha nitrogen content should bo a ainiaua. 
5« Tha grain size should be the saallest attainable. 
6. If used in the font of castings, the alloy should be quenched from 

the aelt (i.e., chill cast). So other heat treatment has yet been 
discovered that gives superior properties. 

For optiaua combination of strength and ductility of tha 60Cr-15Pa-25sto 
alloy at 1600°F., * 

1. The carbon content should be less than 0.05)1. 
2« The silicon content should be less than 0.1%. 
3« The oxygen content should be a ainiaua. 
4« The nitrogen content should be a ainiaua. 
5* The grain size should be the saallest attainable. 
6. If used in the for» of castings, the alloy should be quenohed fron 

the aelt (i.e., chill cast), then annealed 90 hour« at 1600°F. 

The surrey of ternary alloys of ehroaiua waa not eoaplete. Toward tha 

and of tbw investigation, It was decided to narrow the field of work by as ana 

lag that the second natal of the ternary systeas should be iron« This esanap- 

tion was Bade because of lack of tlaa, but it can also bo rationalised by tha 

facts: 

1. Iron, aora than any other element tested, improves the ductility of 
ehroaiua. 

2. The addition of iron peraits the use of ferrocbroaiua. 
3. Iron ia similar to ehroaiua and therefore will not reduce the Belting 

point greatly. 

tag tin swasBB 
Methods of Belting, deoxidising, and shaping 

developed. 

alloys haw* 
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That portion of thirteen Unary and nine ternary ays tea* of chroalua con- 

taining: »or« than 59 ehroalna hare been explored In a neceasarlly preliminary 

Banner. Only two of the systems were investigated In datall« Thasa two were 

tba Cr-Fa-Mo and Cr-Fe-W aysteae, and they were studied baoanaa In stress- 

ruptur* testa at 1600°F. tba Cr-Fe-bo and Cr-Fe-W alloys gave tba blghaat 

strengths with aeaaurable ductility. 

That tba beat chroalun-faaee alloys contained at least l*Jf icon la advan- 

tageous, since tola peraits the use of ferro-alloys and aakaa It unnecessary 

to keep carbon contents below 0.05JC and silicon contents below 0.50)1. 

Considering their properties, their cost, and the availability In war 

time of the constituent aetals, the Cr-Fa-Ho alloys la tba composition range 

60Cr-25Fa-15Ho to 60Cr-15Fe-^»o appear aoat worthy of further research. In 

tola range two alloys ara notable» tba 60Cr-15Fe-25Mo for use at I600°F. and 

the 60Cr-25Fe-15No for uaa at 1350°F. Tba properties of these two alloy« ara 

auaaarlzed In Table VI and Figure 3« 

The ductility of chroalua-baaa alloys was laproved aa they ware aada 

purer and finer grained. Still, none of the alloys (In tba as-cast condition) 

exhibited Measurable ductility in a tensils test at rooa teaperature. It la 

hollered that further research on the alloys will result in an increase In their 

plasticity, but it la unlikely that they can be aada aa ahock-rasistant aa iron-, 

nickel-, or cobalt-base alloys, simply on tba basis of aaltlng point. 

It Is iaportant, therefore, that any aaohlne element to be aada of 

ehroaiua-baae alloys ha designed with aaooth flowing curves and that tba part 

be aada without streaa-ralalng tool narks, without unfavorable residual stresses, 

bat where possible with favorable residual stresses. 

Soae of the chroalua-baaa alloys ara resistant to abrasion, sane resist 

the attack of adds. Alloys of chroalua aay therefore have uses other than 

beat resistance. 

\ 
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1 

it BOM Teaperature 

iOCr-SSTm-VSKo, Aa Cat 

60Cr-15Fe-2»o, A. c«rt 
H*ld 24 bra. «t 1600«*. 
Held 48 tar a. at 1600°F. 
Held 90 hr». at 1600°F. 
*M 130 bra. at 1600°F. 
Bald 4 bra. at~2<00^/' 

•• at 2400*F. 

At 1U2°F. 
"•W 44 bra. at 2400°F. 

f °j*-25F»-15Ilo, AB Caat 
&0Cr-l5Fe-25Mo, A. Caat 

At 1292°F. 

498 
480 
488 
478 
963 

s 
430 
430 

fJXf"25*'-15"0» A« Caat 
eoOr-WFa-aaio, Aa Caat 

At 1600°F. 

^«F^lfllb, Aa Caat 
fiOCr-iSFa-iSHo, 4a Caat 

At 1700°F. 

60Cr-25Fa»15Mo, As Caat 
60Cr-15Fe-25lfo, As Cast 

Iggbinaaaitor 
60Cr-25Fa-15Mot Can ba turned and drilled with high speed tools 

' 60Cr-15Fe-25Ko« Can bo aachined with carboloy tools and ground. 

Foreoablllty 

i Kb successful forging has been parforned to date on either alloy 
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TABUB VI (Cant.) 

tat       Taap. Stress 

Stfae-Ruptura Prooartiea 

Tlae tor 
Rapture i* Ut tomtxtm 

554-2    1350   50,000 1414 Hra. 8 6.2 
612-2     1350   50,000 484     • 9 9 
634-1     1350   50,000 985     • 5 5 0.70J» 81 
679-2     1350   55,000 611     • 5 6 
679-1     1350   63,800 182     • 5 0 
554-1     1600   20,000 132 • • 22.0 24.8 
621         1600   20,000 70.5   • U.O U.5 0.307*0 

SflBcjiateaate 
469-1     1700   20,000 76       • 5.5 5.0 
469-4     1600   20,000 1042   * 9 12 
469-2     1600   24,000 478     • 5.0 5.0 
469-3     1600   30,000 291     " 5.0 5.0 
635-1     1600   30,000 290     • 9.5 7.6 0.13*0 
635-2BT 1600   26,500 472     • 9.0 8.6 Teat Interrupted • 276 bra. 
636-I     1600   30,000 132     » 4.0 8.5 
636-2HT 1600   30,000 316.5 • 3.0 2.4 last Interrupted • 248 bra. 
667-2     1600   30,000 336     • 4.0 1.2 0.51* Si.   Bald 90 h. * l600°r. 
668-2     1600   30,000 430.5 • 6.0 6.3 Bald 90 hru. ® 1600°F. 
668-3     1600   30,000 145     " 8.0 7.4 Held 60 bra. a 1800°F. 
613-1     1600   37,500 65       • 1.0 1.2 
613-2     1600   35,000 371     • 5.0 3.8 

Penalty 

60Cr-25r»-15ft>i 7*63 •/«* 60Cr-15Fa-25*oi    7.87 g/oe 

60Cr- 

ItBfUfl.Steeneth • 1350°F. 

25F*-15Moi 99,700 and 103,500 pal 

.   \ 
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58 
73 
91 

106 
123 
162 
166 
167 

168C 

168D 
169 

177A 

212-H1 
2LHU. 
ZID-MI 
239-M1 
243-H1 
246-H1 
249-M1 

257 
258 
261 
262 
266 
267 
268 
269 
271 
272 
273 

307 
309 
311 
312 

APPHIDIX I 

CHMICAL UUOSXS DATA AND DKSCROTIVK 
OR TBK ALLOTS MEflTIOHBD IB THIS BKPOBT 

0.19jt C, 58.38)1 Or, bal. W 
0.026% C, 0.59% Si, 68.7* Cr, 0.033% Zr, hal. W 
0.046% C, 0.30» 81, 58.0«t Cr, 24.39% «, 16.22% fa 

0.23% C, 0.09% SI, 77.79% Cr, 20.44% W, 1.07% Fa 
0.025% C, 0.447% Si, 67.83% Cr, 29.28% W, 0.21% Fe 
0.051% C, 15.36% Fa, 59.98% Cr, 23.05% •, 0.17% Al 
0.024% C, 60.14% Cr, 23.67% W, 15.30% Fa 
0.095% C, 62.17% Cr, 22.08% V, 14.74% Fa.   Heat treated 164 boon 
at 1600°F. 
0.112% C, 58.33% Cr, 12.01% W, 27.92% Fa. Beat treated 164 boura 
at 1600°F. 
Saaa heat aa 168C. Aa cast 
0.027% C, 67.73% Cr, 23.18% W, 8.46% Fa. Heat treated I64 hour« 
at 1600°F. 
0.05% C, 77.96% Cr, 6.20% w, 14.71% Fa 

0.026% C, 0.63% Si, 46.44% Cr, 26.53% W, 22.33% Fa, 2.41% Mo 
0.05% C, 0.68% Si, 44.51% Cr, 28.32% K, 22.93% Fa, 2.74% Ho 
0.029% C, 0.57% Si, 45.01% Cr, 22.04% Fa, 28.81% W, 2.74% Ho 
0.018% C, 0.52% Si, 57.78% Cr, 19.58%H, 19.79% Fa 
0.018% C, 0.61% Si, 55.42% Cr, 21.33% *, 20.44% Fa, 1.98% Ho 
0.018% C, 0.56% Si, 55.95% Cr, 21.12% W, 20.08% Fa, 2.00% Ho 
0.016% C, 0.52% Si, 58.48% Cr, 19.74% H, 19.10% Fa, 1.89% Ho 
0.39% C, 0.20% Si, 46.03% Cr, 53.76% Fa 
0.071% C, 0.30% Si, 47.92% Cr, 47.97% Hi, 2.80% Fa 
0.245% C, 0.28% Si, 71.95% Cr, 26.69% Hi, 0.29% Fa 
0.020% C, 56.05% Cr 
0.327% C, 0.21% Si, 79.96% Cr, bal. Co 
0.008% C, 0.13% Si, 19.22% Ho, 79.71% Cr, 0.17% Fa 
0.008% C, 0.17% Si, 61.50% Cr, 0.39% Fa, bal. Ho 
0.015% C, 0.09% Si, 9.51% Ho, 89.38% Cr, 0.24% Fa 
0.040* C, 99.25% Cr 
0.179% C, 0.09% Si, 73.52% Cr, 26.50% Fa 
0.095% C, 0.49* Si, 61.14* Cr, 17.54* *, 18.65% Fa, 1.77% Ha 
0.254% C, 0.14% Si, 65.12% Cr, 31.80% Co, O.36* Fa, 0.77* II 

O.O32* C, 0.56* Si, 59.95% Cr, 19.48% H, 19.32% Fa 
0.027% C, 0.63% Si, 67.27% Cr, 11.39% V, 20.11% Fa 
0.026% C, 0.56% Si, 61.57% Cr, 18.05% H, 19.75% Fa 
0.071% C, 0.61% Si, 61.46% Gr, 13.70% «, 23.45% Fa 

• Beats 58 through'l77A were static cast. 
&  

Seats' '256 end beyond «are cantri- 

" V^ifc'-'^vB»!*»^' 





RESTRICTED 

..£ 

399 

399-2 
399-3 

0.02» C, 0.57» 81, 56.9« Cr, 20.4» I*. 21.4« » 
399-1       SUM teat u 399 

bMt aa 399* 
beat as 399' 

399-4      Saw b«at »• 399.   after 
20,000 pal. 

«treea-rupture teat, 324 bra. at 

00« 0. 0.22]t Bi, 51-6» Cr, 10.7» Fe, 36.4«* 1 
01« C   0 2» Si   86.0« Cr, 12.3» Co, 0.1»ft 
IS» C   0.5» 81   58.53)1 Cr. ».5» f., »-0T» Mo 

, S3 C   0.49» 81, 50.6« Cr, 29.77* W, «. Fa 

0.01« C, 0 

400 
403 
404 
407 
408 
409 
412 
414 
416 
418 
*& ,.   . 419-1       Saae baat aa 

BE 535 SB 5 2ft»* O^ c'. oSS U   61.7» Cr; 10.7g J, bal. » 
S3 el 0.5» 81, 55.6» Or, VJ« £ «- * 

0.06» C, 0.5» 81, 51 9» Cr, 23.7» Ho, 23.59» Fa 
0.02» C, 0.2» Si, 69.0» Cr, 17.8» Jlo, bul. Fa 
0.02» C, 0.2» SI, 62.3» Cr, 27.7» Mo, bal. Fa 

U9. 
419 S"2 E5TS o!6S981, 64.7» Cr, Kg» "^«j» 

Ja 0.15» el 0.6» 81, 80.7» Cr, 4-8» «. bal. F. 
Too 0.18» C, 9.6» Zr, bal. Cr . 
g 5.12» c co» si. 9o^»B2r'b!:ia{P

n 

S asfcass•*•:at 
434-1      8aa« baat aa 434 
«T*       £ä*"c? El***. 12.8» Cr. 114« g. gjj^ 

0» 81, 61.1» Cr, 19.0» "O. WO» «" 440 
441 

0.01» C, 0.1» 81, 
0.03» C, 0 " 

4(1-1       Saae baat aa 441. 

ffls BUre as* 56.6» <*. ».*» ».«. » 
A*, 50.0» Cr. 40^» ». W• *• 

444-1 
444-2 
445 

Saae baat aa 444-1 
0.02» C, 0.0» 81, 

a  asassa.siÄÄS:* 447 
448 
449 

452 
461 
463 

Ü ;f3 *   (4>.iM Cr. 25.1» Fa, 8.5» *» 111» C, 66.4» Cr, 25.1» *», 

0.02» C, 0 03» 81, 69.9» Or, £•»!*», 10.5» Co 
O.E» C, »35 K 24.1» ta. W- » 
StoT» 0, 56.3» Cr, U-7» *. «^'5 

469   o'.ÖZ» c', 0.1« 81, 59 
46Q-1  Saae baat aa 469« 

8» Cr. 25.5» *>, «• * 

469-1 
4*9-2  Saae baat aa 469« 
469-3  Saae boat aa 469. 
469-4 boat aa 469. 
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Beat 
Ja* 
470 
470-Ht 
471 
471-« 
472 
476-2 
476-« 
478 
478-« 
479-1 
479-2 
«95-ar 

0.075* C, 
SUM heat 
0.03W C, 
Sane heat 
0.020* C, 
0.066* C, 
gaae beat 
0.C19* C, 
Sana beet 
0.040* C, 
game beat 
0.079* C 

518-1 
518-m 
522 
526 
528 
528-« 
530 
530-1 
530-2 
531 
533 
534, 
534-1 
534-2 
$35 
537 
537-1 
537-* 
539 
540 
543 
545 
546- 
547 
548 
549 

0.C75* c.   »e«1 '* •- h 

0.036* C, °-°* ^'jSa 90 bra. ***5S?*.a. F. 

0.040* C, 0-0*,81' $9#:l* 

§Rli*a«tt*V 
clM beat aa 534* 
IS« beat aa 534-      ,.  .,< --, 20.40* «o, hei- £ 

slse haat aa 537» 
oua beat aa 537. ^ te   25.72* Mo, bal. *» 
o^Tc« *S fr &3 5 5.7« ••. {g; s 

atiltfliA!» 
0.027* C, 
0.013* 0» 
0.002* C, 
0.037* C, 
gaae beat 
0.005* c, 
0.019* C, 
0.011* C, 
0.043* C, 
0.221* C, 

0.08*81, 
0.18* 81, 
0.06* 81, 
0.57* 81» 
aa 554-1- 
0.26* 81, 
0.37* 81, 
0.3^*81, 
1.20*81, 
0.25* 81, 

3.1* a. »• a 

H5S £:§a »'."•«"• 
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isRnälzJL 
Bent 

am 
568 
571 

999 

608 
612-1 
612-2 
613-1 
613-2 
618-1 
618-2HI 
620 
621 
623 
629 
630 * 632 
634-1 

• 634-2 
4 635-1 1 635-2 

636-1 
636-2 
655-1 
655-2BI 
655-3HI 
657-1 
657-2 
667-1 
667-2HI 
668-1 
668-2HT 
668-3» 
678-1 
678-2 
679-1 
679-2 
679-3 
L-5VP 
h*K •* 

4 

* 

0.013» C, 0.15» 81, 60.19* Cr, 20.16% Fe, 19.49)1 Hi 
0.C09» C, C.C6» SI, 59.67» Cr, 20.56» Fe, 19.70» Co 
0.095» C. T»o liters of nitrogen (at ataoepheric temperature 
and pressure) were added after the heat TOB fully deoxidised, 
to give a final pressure of 44 ma. in the entire systes for 2-1/2 
ainutes. Then the system «as pumped to 0.210 an. pressure before 
easting. 
0.105» C, 0.29» 81, 58.57» Cr, 15.09» Mo, bal. Fe 

O.C33» C, 0.14» SI, 61.96» Cr, 8.73» Ho, bei. Fe 
0.C13» C, 0.13» SI, 58.86» Cr, 15.89» Ho, sal. T« 
Sues as heat 612—1. 
0.049» C, 0.3V SI, 57.59» Cr, 27.62» Ho, bal. Fe 
Sana as heat 613*1. 
0.C11» C, 0.26» SI, 59.03» Cr, 20.31» Ho, bal. Fe 
Sane heat as 618-1. Bald 90 bra. at 1600°F. 
0.C13» C, 0.58» Al 
0.307» C, 0.23» Si, 57.14» Cr, 16.26» Ho, bal. Fa 
0.19» C, 9.13» Cb, bal. Cr 
0.010» C, 0.22» SI, 42.72» Cr, 10.17» Ho, bal. Fe 
0.016» C, 0.19» SI, 42.52» Cr, 21.01» Ho, bal. Fa 
0.064» C, 0.27» SI, 57.18» Cr, 27.68» No, bal. Fe 
0.103» C, 0.70» SI, 59.09» Cr, 15.56» Mo, bal. Fe 
Sane as heat 634-1. Held 90 hrs. at 1600°F. 
0.129» C, 0.11» SI, 60.44» Cr, 25.10» No, bal. Fe 
Sane heat as 635-1. Held 90 hrs. at 1600°F. 
0.157» C, 0.50» Si, 60.55» Cr, 24.97» Mo, bal. Fe 
Sane heat as 636-1. Held 90 hrs. at 1600°F. 
0.016» C, 0.19» Si, 59.80» Cr, 14.76» Mo, bal. Fe 
Saae heat as 655-1. Held 90 hrs. at 1600°F. 
San« heat as 655-1. Held 50 hrs. at 1800°F. 
0.C82» C, 0.19» Si, 60.70» Cr, 14.81» Ho, bal. Fe 
Sane heat as 657-1. Held 90 hrs. at 1600°F. 
0.C21» C, 0.51» Si, 59.32» Cr, 25.40» Ho, bal. Fe 
Sane heat as 667-1.   Held 90 hrs. at 1600°F. 
0.C32» C, 0.10» Si, 59.33» Cr, 25.18» Mo, bal. Fe 
Sane heat as 668-1.   Held 90 hrs. at 1600°F. 
Sane heat as 668-1.   Held 60 bra. at 1800°F. 
0.030» C, 0.19» 81, 65.49» Cr, 9.67» Ho, bal. Fe 
Sane as heat 678-1. 
0.022» C, 0.70» Si, 60.44» Cr, 14*63» Ho, bal. Fe 
Sane as heat 679-1. 
Sane as heat 679-1. 
0.018» C, 0.C71* 81, 57.12» Cr, 20.06» Ho, bal. Fe 
0.058» C, 0.14» 81, 58.70» Cr, 5.45» Ho, 1.75» 1, bal. Fe 
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APPJWDU II 

Li« or SWXASXUAL AND CUHUUTITB FROGRBSS REPORTS 

la Addition to the monthly progress report*, the following aeml- 
aanual and cumulative propres» report* have been lseued by Climax 
Molybdenum Company, under Contract OEMsr-457: 

SV' 

r'' *J 

i : 

flret Seiilannual Progress Report, November 15, 1943, bjr Robert M. Parka 
(unl**ued). 

Cllaax Molybdenum Company 1* cooperating on HRC-8 by preparing 
heats of Iron-, nickel-, and cobalt-base alloys, by performing hard- 
ness tests at elevated temperatures, and by Investigation of tungsten- 
base alloys.    On the basis of hardness and oxidation resistance at 
leOO"?., alloy* containing 60 to 90$ chromium, balance tungsten, look 
promising.    These alloy* melt at about 3500"*.    Melting must be done 
la vacuum or possibly In an atmosphere of hydrogen or a noble gas. 
Method* of making a casting large enough to prepare a »tress-rupture 
specimen have been developed.    Stress-rupture specimen* of ehromiua- 
tungeten alloy» «ill be submitted to test within SO days. 

Progress Report, HDRC Research Project NRC-8, 03Kar-457, Heat-Resisting 
Metal* for 0a* Turbine Part* (N-102), from November 15, 1942, to 
May 15, 1943, by Robert H. Parke (Unissued). 

The result* of stress-rupture te*t* show that ehromium-tungeten- 
Iroa alloy* should be considered in selecting materials from which 
to make blade* for gas turbine» operating at 1600"J.    A method for 
vaeuua centrifugal easting these alloy» la the form of turbine blade« 
1* now being developed. 

Progr*»» Report, KBRC Research Project HRC-8, OaMsr-457, Eeat-Reslstlng 
Metal» for 0a» Turbine Part» (1-102), from May 15, 1943, to November 
16, 1943, by Robert M. Parka (Unissued). 

Additional »tre»»-rupture data on ehromium-ba*e alloy* are re- 
ported.    A few General «Uectric Type B-2 supercharger blade» have 
been eeatrifugally cast in vacuum.    Improved apparatus for eantrl- 
fugally eaating turbine blade» in vaeuua 1» described.   Vaeuua 
eeatrifugally cast stress-rupture specimen» of composition» seleeted 
to guide the Investigation toward the answer to the problem of im- 
proving ductility hove been prepared. 

Progress Report, NBRC Research Project KRC-8, OTOsr-457, Heat-Realstlng 
Metal« for Sas Turbine Part» (N-102), from November 15, 1943 to 
May 15, 1944, by Robert 1!. Parke and Frederick P. Ben» (Unissued). 

About 100 General fleetrlc Type B-2 Supercharger Blades of 
, earoalua-base alloys here been made in e newly designed apparatus 

for melting and centrifugal eaatlag In vaeuua.   These blade* are to 
be tested la a supercharger. 
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Chromium «Hoys of Improved ductility have 'been prepared, tut 
the procurement of ductility was accompanied, ae usual, by some lot» 
In strength.    The most ductile alloy contained 56$ chromium, 15$ 
molybdenum and 29$ iron.    In a stress-rupture test at 20,000 psl and 
1600'f., its time for rupture was 60 hours, elongation 20.0$ and 
reduction of area 29.2$. 

6th Semiannual, or 30th Monthly, Progress Report, HDRC Research Project 
KBC-B, Heat-Sesisting Metals for Sas Turbine Parts (U-102), from 
May 15, 1944, to Bovember 15, 1944, by Frederick P. Bens (Unissued). 

Various physical property studies on chromium-base alloys have 
been completed or are now In progress.    Included are:   weldablllty, 
no« temperature properties, affect of heat treatment,  corrosion 
resistance, forgeabllity, and properties at elevated temperatures. 
The techniques for the deoxldatlon and purification of chromlum- 
base alloys have been Improved. 

Progress Report, BBRC Research Project BRC-B, OBtsr-457, Heat-Resisting 
Metals for Oas Turbine Parts (K-102), February 36, 1946, by Robert 
M. Park« (cumulative report of three years' work on Contract . 
0»sr-457).    OSRD Report 5044, Serial Bo. M-610, May 7,  1945. 

A new class of metallic alloys, in which chromium is the alloy 
Data, is being investigated.    The chromium-rich portions of thirteen 
binary systems of chromium and nins ternary systems ot chromium have 
been surveyed.    On considering the availability of the constituent 
metals and the physical properties and formabllity of the alloys. 
It Is concluded at this time that the most promising alloys for heat 
resistance are the chromium-rich, ehromlum-lron-molybdenum alloys. 
These alloys can be precipitation hardened. 

Methods of forming useful articles of the alloys have been de- 
veloped.   The properties of the alloys are similar to those of 
chromium.    Compared with the alloys of cobalt, or iron, or of nickel, 
they are chemically Inert, they have high strength at high tempera- 
ture, they have low densities, and they have high malting points. 
The strongest alloy at 1600*?. contains 50$ chromium, 9$ Iron, and 
41$ molybdenum.    In a stress-rupture test at 1600*T., It supported 
a stress of 84,000 psl for 1346 hours.    The most ductile alloy at 
1600°T. contains 60$ chromium, 40$ iron, and 10$ molybdenum.    In a 
•tress-rupture test at 1600°y., it supported a stress of 20,000 pel 
for 3-3/4 hours, with 88$ elongation and 66.1$ reduction of area. 
The alloy believed to have the optimum properties for turbine blades 
contains 60$ chromium, 16$ iron, and 26$ molybdenum.    It supported 
a stress of 30,000 psl for 291 hours, with 5.0$ elongation end 5.0$ 
reduction of area. 

The alloys are being developed to serve at 1600*Y. as parts for 
gas turbines. They may be useful In other heat engines and other . 
objects. 
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