
Influence of Radical Nitriding on Fatigue Strength 

of Maraging Steel 

Abstract 

Rotahng bendmg fahsge tests aele caned out to Uneshgate the lntluence of r a d d  
mtndulg on surface mtegnty and fah@e suength for a m g n g  steel Fahgue strength 
\%as uicreased bq ruu~dmg The mlhahon s~te of h c h r e  uas the s ~ r h c e  at h@ atress 
lekels and the lntenor at low shess le~els m a mtnded steel, though ~t xias the surface ;it all 
the stress l e ~  els m an aged steel Consequently. S-K c ~ t n  e of the mtnded steel shon ed a 
double staged one, thou& that of the aged steel was an oldmu?/ S-N one h the rub~ded 
steel. the m m  reason for the suface fiacture \\as surface embnttlement xilule the one for 
the mtenol tkacture uas surface lmderung, due to mtndmg 

l Introduction 

\ l a n p g  steel has both lxgh s t a~c  strength and ductihty The fat~gue stren-& howetel IS 

101% for ~ts hgh  mx strength[l] This E maudy caused fiom the lxgh notch sensih\lty and 
the presence of inclusions m the rnatenal[2] Thelefore. many studies have been carned 
out to lniplo\e the faague snengd~ hom \Ten polnts of the suen&enmg of n~icrosnwhre 
and the surface mo&iicaho~~ Honeter, ~t nas q o ~ t e d  that the h g u e  strength can be 
mcreased[?], 01 not affected or decieaed m\ersel\[4.5] by s~uface modlficanon 
depenhg on the combulahon of nlatenal and n l o ~ c a h o n  method For eun-rple the 
surface mo&iicanon by shot peemny[b] or nlh~dng[i-91 urn s~wcessful fol Improwment 
of fahgue shen,d ot a mnmgng steel Among 1 m q  rum&ng methods. radical nltndmg LS 

a ne\t and attrach5e surface modlficahon technology because of its lugh quahty and 
pollution-hee process [ l  01 
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In the present study, rotating bendmg fatigue tests were cllied out to investigate the 
influence of rac-llcal nitridmg on the surface integity and the fatige strenL@h in a rrmaging 
steel. 

2 Material and esperimental procedures 

The material used  as a 300 p d e  manging steel xvliose chemical composition in ~veight 
percent was 0.005C, 0.03Si, 0.041bh 0.002s. 16.69Ni. I.S9hIo, 8.92Co. 0. 10AM, 0.91Ti 
and remainder Fe. The material was solution treated by heated at 820°C for 1 h and air 
cooled. then aged at 490°C for 5 h followed by furnace cooling. 

Figxe 1 slows the shape and dimensions of specimens. Figures l(a) and l(b) are for 
fatigue tests and measurements of hardness and residual stress, respechvely. M e r  
machining, all the specimens were elecko-polished by about 30 pm 6on1 the sufzce layer. 
Radical nitriding was performed after electro-polishing by heating the specimen at 480°C 
for 1 h in H? gas and then nitriding at 480°C for 5 h in NH3 gas followed by f k u c e  
coohig. Measurements of hardness and residual stress were performed using Vickers 
hardness tester and X ray difhctnieter. respectively Fatigue tests were pe~formed at room 
temperature using the Ono type rotating bending fatigwe testing nlachule with capacity of 
100 N . m operating at 55Hz.  

(a) Specimen for fahgue test (b) Specmen for measurements of 
hardness and l esidual SQeSS 

F~gure 1: Shape and dlnlenslons of specimens. 

3 Experimental results and discussion 

3.1 Influence of nitriding on surface integrity arid mechanical properties 

F~gures ?(a) arid 2(b) show d~smbubons of lmdness m d  ~csidual sbess ul the ~ x h ~ d e d  
steel The marked hasdenmg and the fo~mabon of compress~\e residual stress are observed 
UI the surface layer The depth of the aEected la~er,  c a e  depth. is  bout SO pm 

FI-me 3 311ons the results of element analjsis of nlb-~dcd ipeLlnien suuface 
Compounds of Fe, .h n d  Fe,hlX are observed The fonnahon of compound In addmon 
to diff'fuslon of nitrogen nuy contribute to the lardenmg of suufa~e lqel  
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Distance horn sufiacc pm I IUC- 

(a) Hardness lstnbution (b) Residual stress distribution 

Figure 2: Distnbuhons of har-dness and residual stress. 

Flame 3 X-ray ditfraction pattern oflutnded steel 

The nlechmcal propernes of aged steel are 2020 XPa in 0 pioof meas. 2090 
MPa in tenstlc shess, 54 3 O o m leduct~on of area and 630 In lieken tardness, and those 
of mtnded steel are 2 150 LfPa m 0 2 O  proof stress. 2 165 MPa m tenslle stress. 3 1 5 O ,I m 
ieduchon of area and 1050 m Lichers hardness. lespectnely By mmdng. the ductlllty IS 

decleased though the change III btatic strengh is small 
Figue 4 IS SEhI photo~mplls showing swface states of the aged and the lutnded 

steels Many shp bands a e  obsen ed m aged steel but bnttle clacks In the rutnded one 
F l p e  5 shons fracture surfaces of the aged and the n~tnded steels Athough tqplcal 

duchle fracture occurs m the aged steel inrer_m~ular a a c h  are obszned In the ~uh~ded 
steel and theae facts correspond to the results of suuface obsen ahon 
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(a) Aged steel (b) Nitnded steel 

Figpre 4: Surface state of specmen after tensde test. 

(a) Aged steel (b) S~trided steel 

Figure 5: Fracture surface of specmen after tensile test. 

3.2 Influence of radical nitriding on fatigue strength 

Fijyre 6 shons S-N curves of the aged and the mttlded steels Fahpe shength 1s mcrea~ed 
by mtndmg and the mcreasmg rate is larger at loner stress lelels The slash marks mcficate 
subsurface fracnue, I e fish-eye hcture Fracture mode changes born the nuface fracture 
m the short Me iegon to the subsurface fixture m the long He iegon Consequently, the 
shape of S-N c m e  UI the rutnded specunen show a double staged one n h c h  is sirmlru to 
those found m the high streng,di steel[ll] and the sulface lmdened stee1[6,9], and the 
piesetlce of fahgue h u t  is iulclear td 10- 

Figre 7 sliow~ surface cracks m the aged and the iumded steels at highei stress le\els 
Although all aged steels fi-actured k o n ~  either a~utace crack or mcluson meqxchve of 
s@e.ess levels, surface c ixk  was obsentd only at 111gher stress lebels not at lower stress 
levels in the mtnded steel Time IS a dlffe~ence m the rno~pllology of cracks betwen the 
aged steel and the mhlded steel That IS, it a duct& in the aged steel and bnttle m the 
mmded one Ths feature E s~m~lar to die one m ternle test shonn m Figs 4 and 5 That E, 

a had  s~Irfdce later 1s fonned by nitndmg, wluch hchued bnttlely at h~gh  sttess levels 
and the surface bnitle clack promotes the c rxk  lrmatlon In the rrntnx due to notch effect 
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13' 7 0. 10' $3' - 0' 

Number of cycles N 

Fi-we 6: S-N cunes 

(a) -1ged steel (oa=800bPa) (b)  Nttnded steel (oa=llOOr\LPa) 
Figure 7. Typical s~uface crack 

Frgue S shows fracture s~uface of the aged steel 
Flgue 9 IS a SEM photo_mph showmg the fncture surlace of the mmded steel tested 

at lomer stress lebel Fracture or-iLwtes kom an mclusion at stibsu-fke. The slze of 
lnclusron IS about 10 pm The border of fwh-eye onented to the specmm surface \%as 
located at mtenor. though ~t is not clear This m e m  that the groivth of a crack is 
suppressed by the hardemg and the formahon of cornpresswe residual stress m the 
affected layer When the mtenor crack g e a  ulto a surface one, rt propagated rapidly in the 
hard and bnttle layer Consequenth, the bolder of &h-eg-e onented to the surface IS not 
clear, though the one onened to the specmen center l i  clex and the feature of hcture a 
d u d e  

Fgures 10(a) and 10(b) iile SEbI photogapis shon~ng fncture surfaces u h e ~ e  a 
fah@e ~ m c k  propagated after tile f o m n o n  ot t i s l i \ e  and the final Fncture occured 
stahcauq -411 intergranular c m c k q  is obsened m tile lmdened laqer adjacent to dmple 
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hcture ui the non-hardened layer m the final fixture regon Ills also supports that the 
surface layer was embnttled after mtnduig, though sinahons LFele observed m the fabgue 
reglon. 

Figure 8: Fracture surface of aged steel (oa=SOObPa). 

(a) Fish-eye fracture (b) Xla-dcahon of (a) 
Fi-we 9 Fish-eye fracture of nimded steel at low stress le\ el (oa=84ObIPa). 

Fgure l1 show the dush-ated S-N c m e s  tndcatmg the mfluence of rumdmg, as 
stated abo\ e The dotted lme IS an assumed one for the stren-&ened steel by rumdmg The 
fahgue seen& 1n tht: ixtnded steel s mcreased due to hardentng and formhon of 
compressive ~cs~dual htress 111 the sul-face layer 
Hone~er. it is decreased ~nvenely under high stress le~els o~\mg to h e  enlbnttleinent of 
hardened surface layer As a result the mcrease of fatgue snength 1s small at lug11 stress 
levels T l u  means that m t n b g  should not be apphed to nmagmg steel subjected to high 
cychc loadmg On the other 1m:d at lom stress lelels. fracnves ongmatcd horn mternal 
ulclusiom. because the uxhat~oll of surface cracks \+ere supplessed by surface harderumg 
Consequently. S-Y curve of the tnmded steel 511o\\ 5 a double staged one 
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(a) Outer s~de  of fish-eye (b) Final fracture slte 

F~gure 10: Fracture surface of mmded steel. 

Number uf cycles 21 

Figure 11 : Influence of nitridmg on fatigue sben-& of maraging steel. 

4 Conclusions 

Tlle mfluence of radlcal niblldulg oil the fatlpe strength of a rnarapng steel xas 

meshgated under rotanng bendmg Ma~n  results were sunmunzed as follous 
The surface layei of the mmded specimen nas hardened and the conlpressi\e 

residual sbess was produced by mmdng Co~lsequently, the surface layer became bnttle 
U hereas the stahc stren-& nas hardly changed On the other hand. fatigue stren~@h I\ as 
Incleased by mmdmg, especially m the long hfe region Aklough the imtiabon stte oi 
fixture was at the surface m the non-mtnded steel, i e m the aged steel. it \\as at the 
specunen surface at high stress lex els and at the mrenor at low sness le~els m the n~tnded 
steel The rnam reason for the surface fracture was the surface bnttle craclung mduced 
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f.2hgLle crack lnlhahon where-as the one for the lntenor hcture was the supplesslons of 
surface shp and crack mltmhon due to the surface hardemng 4s a result, S-N curve of the 
mmded nmagmg steel showed a double staged c m e  
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