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Introduction 

Several years ago, Mukherjee and Martin (1) established that dilute Mo-base alloys 
containing Ti or Zr in solid solution could be internally nltrided and that the resulting 
nitride dispersions significantly enhance the high temperature strength of molybdenum. 
It has since been demonstrated that W-Hf alloys also can be hardened appreciably by 
internal nitriding even when the nitriding is performed at temperatures as high as 
2000°C (2). Ryan and Martin (3) recently used the nitrides and carbides of Group IVa 
elements to precipitation-harden Mo by conventional quench-eging procedures. They shoved 
that the nitrides of Ti, Zr, and Hf all precipitate initially as coherent plate-like par­
ticles on {100} habit planes of the Ho matrix. Consistent with the greater thermodynamic 
stability of BfN compared to ZrH or TiNr they also found that the greatest hardening 
increments and most uniform particle distributions were obtained with the Ko-Hf-H system. 

These results suggested that HfH dispersions produced in Mo by internal nitriding 
might give rise to some truly outstanding hardening effects. The present study of the 
structure and high temperature mechanical behavior of an internally nltrided Ho-1 at.* Hf 
alloy vaB undertaken to explore this possibility. As will be seen, the strength levels we 
achieved, though by no means optimum, are far superior to those of the best commercial 
high strength Mo-base alloys, i.e., TZM and TZC. 

Experimental Procedure 

The Ho-1 at.? Hf alloy (1.83 vt.j) vaa vacuum arc-cast, hot extruded, sad rolled at 
about 1200°C to a final thickness of 0.055 in. This material vas supplied by the Climax 
Molybdenum Co. in tvo different work-hardened conditions. Sheet A received a final rolling 
reduction corresponding to 555 hot-cold work. Sheet B vas given a 70J reduction in the 
final rolling pass. Both sheets were stress-relieved for 1 hr in vacuum at 1230°C. For 
comparison, tests were also carried out on Mo-TZM and Ko-TZC, supplied by Climax as 
0.06o-in. thick sheets stress-relieved 1 hr in vacuum at 1100°C. These materials ware 
both of standard composition; both were subjected to standard thermomecbanical processing. 

Tensile specimens with 1-in. gauge sections were machined from the sheets, ground 
and lapped to a thickness of 0.050 in., and dimsond polished. To prevent excessive re-
crystallization during nitriding, the Ko-Hf specimens were arbitrarily given an additional 
2-hr recovery anneal in vacuum (<10-T torr) at 1325°C prior to nitriding. The specimens 
were then nitrided to completion under 1 atm H 2 at 1260°, 1310°, and lUlO°C, the required 
times having been established during preliminary studies of the diffusion-controlled 
nitriding kinetics. Several small test coupons were nitrided with the tensile specimens; 
these were used for uetallographic examination, microhardoess measurements, and electron 
microscopy. Tensile tests were carried out on all specimens at temperatures from 1100° 
to 1500°C in a vacuum to <5 X 10"' torr at a strain rate of O.Ol/'nin. 

•Work performed under the auspices of the U.S. Atomic Energy Commission. 
'Present address: Bepartnert of Cheaiical Engineering and Materials Science, Wayne State 

University, Detroit, Michigan U8202. 
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Results and Discussion 
High-Temperature Tensile Properties. The 0,2% offset yield strengths and ultimate 

tensile strengths of nitrided alloys at elevated temperatures are shown in Fig. 1, vith 
corresponding data fcr TZM and TZC. The sain conclusions froo the results are these: 

• Some remarkable strengthening effects are produced by internal nltriding, the 
strength generally increasing with lover nitriding temperatures. For example, the tensile 
strength of the recovered Mo-1 at.' Hf solid solution alloy is increased fron about 
ItO to 13k kpsi by nitriding for 286 hr at 1260°C. 

• Although this strengthening is largely due to the presence of dispersed HfH par­
ticles, seme strengthening also arises from retention of the strain hardening originally 
introduced during rolling. Thus, the differences in strength between nitrided specimens 
at Sheet h and Sheet B can be attributed to the fact that less recovery of the cold-work 
structure occurs during nitriding of Sheet A than Sheet B. 

• The tensile strength of Mo-1 at.$ Hf nitrided at 126o°C is approximately twice 
that of TZH at 1100°C and sis times as great at 1500°C. The strengths produced by nitrid­
ing also compare favorable with those recently obtained with Ho-Hf-C alloys by optimum 
thermcmechanical processing treatments (U). 

• The long-term structural stability of the nitrided alloys at high teaperatures 
also is vastly superior to that of TZM. When TZH is annealed for 2 hr in vacuum at 13C0°C, 
its yield strength at 1100°C decreases from 58 to k2 kpsi; the nitrided alloys, having 
already been exposed to temperatures ~1300°C for as long as 280 hr, exhibit virtually no 
IOSB in strength under these same conditions. 

• Even higher strength levels can be achieved in thinner sections. A specimen 
0.015 in. thick, nitrided for lU hr at 1260°C, exhibited a tensile strength at 1370°C of 
128 kpai, compared to 93 kpsi for a 0.050-in. specimen nitrided at the same temperature. 

1 1 1 1 
• (Ai-HI(A) - 1260'C, 280 hr 
• Wo-HMB) - 1260 -C. 2301. 
o Ms-MlAi -1J I0 -C , 186 hr 
• Wo-Hl(» . 1310" C, ^ h i ­
es M o - r i l ( A , - U I 0 » C 72 hf 
< Mo-Hl' l) - U I O ' C , 72 hr -
• TZC ei r«c»i«*d 
• TZM en rtutvtd 
• hfe-lUN (A), 0.015 In. Ihlek 

- 1340 "C, U hr 

"T" T 
iMo-HI(A) - 1260-C, 2801" 
. Mo-Hi (8) - 1360 "C, 280 hr 
cMo-HMA) - 1310 "C, 186 hr 
• Mo-HI (8) - 1310 -C. 186 hr~ 
OMo-Hr(A)-U10"C, 72 hi 
• Mo-HI (Bl - U I O ' C . 72 hr 
• TZC es rtulvej 
• TZM in racatad 
• Ms.HfN (A), 0.015 in. Itikk 

C, 14 hr 
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FIG. 1 
Elevated temperature strength properties of internally nitrided Ko-Hf, TZH, and TZC: 
(A) 0.2J offset y ie ld strength; (B) ultimate tensile strength. 

- 2 -



Mlcrostructura a^-:ft^ipttate!;M»iittaair^':VitovalKiM^ik^Wk^Sig.. aiahifleant varla- V' 
tions exist in the gr»ia and subitructai*, HHI particl* »i«e and miOTpbology, and micro-
hardness over tbs cross sections of the eoaqilataly nltrldad afcaat ayeciawps. In general, 
a usifora particle distribution i s seen across the entire aectien bwt, as expected, the 
average particle e l s e iner«Ba«s rapidly Tfith tncrtaalng iapth. ' IhB increaae in particle 
s ize correlates, at leaat qualitatively, irith"the obaerrad oeereaaa-ii »icrohsrdneBS. 
Smaller particles are produced at a giver, depth as the nitrfding temperature i s reduced, 
thus accounting for the progressive increase in strength when the s i tr iding- temperature i s 
lowered from 1^10° to 12600C. Because of an unusual softeningreaction at the surface 
(described more f u l l y below), mnvlnmni hardness i s not observed at the surface of the sheet ' 
but at a depth of 0.002 t o 0.00b i n . , depending on" tae nitsidinjjtamper ature. 

PIIIWHJ* fc— IWIIMI — I h x f t 

no. 2 
Vacation in aicroatmatare and 
hardness across a section of Ms-1 
at.jt Hf a l loy 0,050 i n . toiek, s i -
trided t o completion at 1360*C In 
1 atat Hg. 

The variation l a substructure acroM the thieknase of the nitrided specimens i s the 
result of two competing factors: the rate of dislocation annaaling, and the rate of 
advance of the nitriding front. Once the Hfm p a r t i c l w a** nnelaatad behind the front, 
they effectively lock in (stabil ize) the ex is t ing snbstrnctnrei h s t w r , recovery can and 
does occur ahead of the advancing front. gnus, dislocation annealing becomes progressively 
aore extensive at greater depths las well as higher nitrldlng ytaspei1 at iues . Since the 
driving force for recovery (and recrysta l l i sAt ic«Fia greatar for Sha«t B (70* bot-cold 
work) than for Sheet A (55* hot-cold work), recovery and reeryataUiaation proceed re la­
t ive ly nore rapidly in Sheet B under a l l n i tr iding conditicna. the resulting differences 
in substructure are reflected in the mechanical behavior, as previously noted. 

At a l l 'n i tr id ing temperatures, tb* Hfa^articleB precipitate homogeneously in th<s 
form of disc-shaped p late le ts on {001} planes. of -the Ho asrtrix* confirming the observations 
of Ryan and Martin ( 3 ) . Tranoaission electron.Bicrographs of the precipitate structure at 
depths of 5, 15, and 25 a i l s in a specimen-nitrided for 186 hr a* 1310°C are shown in 
J igs . 3A-C. At a depth of 5 mi ls , the Hfl part ic les are about 200 A in diaa, 10 A thick, 
and fully coherent. The displacement fringe contrast arising from the peripheral coherency 
strain associated with.tuese particles i s c l a w l y evident in Fig . 3JU 3nis region i s a lso - • 
characterised by narrow precipitate-denuded seaes adjacent t o grain and subgrain boundaries; 

'the boundaries themselves contain a re la t ive ly nigh density of part ic le* . I t should be noted, 
that the HfH part ic les in Fig. 3A were nucleated within the" f i r s t '1$ hr of nitriding, y e t , 
despite having been held at 1310°C for an additional 175 ir*;ttey-.r«maifi aaall snd fo l ly c c - i n ­
herent. By contrast, the particles- formed l a s t , in the center of;*** sheet , are at l east sn 4^ 
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order of magnitude larger (Fig. 3C}» Sole indicates that the particles grov at t 
only Xn tbe presence of macroscopic concentration gradients vhicb exist at the a: 
nitrir.tr.g front, their siie being determined by the time available for diffusion 
sage of the front'. After the front moves through a given region, particle eoarLt 
the front by OBtvald ripening takes place at a much reduced rate. 

ri.tiz rate 

p cas-
; *nir;d 

s ---W^* 

0.25 n 
PIG. 3 

Precipitate morphology at various depths in a Hc—1 e.t.% Hf alloy nitrided for 
1310°C: (A) fully coherent HfH particles at depth of 0.005 in.; (B) 0.015 in, 
face; (c) 0.025 in. belov surface. 

The relatively large nitride particles shewn In Figs. 3B and iC vere fa.-rc 
greater depths, where the nltriding front advances more slowly. Analysis of the d 
tion patterns from such precipitates, together vitb dark field experiments, yie:> 
precipitate-aa-trix orientation relationship shovn in Fig. k, which la identical •.< 
inferred by Ryan and Martin (3). The lattice mismatch betveen the fully 
precipitate and the matrix gives rise to a large positive misfit normal to the r...' 
of the nitride plates and to a small positive misfit in this plane. Althoug:. -
particles have grown to a diameter of roughly 5000 A, coherency Is maintained arr 
large faces of the plates. Thickening Has also occurred but to a relatively les.-,• 
It appears that thickening proceeds by the nucleation and propagation of small c < 
leages <iiong the planar surfaces of the particles; these ledges appear as extrii. 
dislocation loops on the particles (A in Fig. 3 B ) . The Increased peripheral corn 
strain resulting from the thickening process is partially relaxed through the :'_: 
gro.-th of intrinsic edge dislocation loops within the particles (B in Fig. 3B) 
lescence of vacancies. Since the peripheral coherency strain around the part id-.-: 
mainly responsible for the observed hardening and a substantial degree of perifm•.-. 
herency is maintained during growth, even the larger particles contribute to siren; 

The structure seen netr the external surface of one of the nitrided spec-
shovn in Fig. 5. The softening reaction occurring in this region obviously le?.-
development of extremely large HfH particles. Apparently, some tiiw after passu.--.-
nitriding front, certain grain boundaries at or near tbe surface begin to nigral •. 
the interior, sweeping up or absorbing the small coherent precipitates, the coawu. 
which then feed tbe large seaicoherent particles growing behind the moving bour,j-' 
reduction in the matrix strain energy associated with the small fully-coherent y-.r 
provides the driving force for this reaction, which also occurs even in specie-'.-, s 
been completely recrystp.llized prior to nitriding. This explains why softening e,. 
increasingly greater depths as the nitriding teaperat'ires ara lowered. 

a:.'.-rent 
•. •-. ine 

r.&ve 
-•: • to 
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