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A B S T R A C T   

V a r yi n g  t h e  c h e mi c al  c o m p o siti o n a n d  c o oli n g  r at e s  d uri n g  a d diti v e  m a n uf a ct uri n g  ( A M)  c a n  e n a bl e  t h e f or -

m ati o n a n d, i n s o m e c a s e s, t h e r et e nti o n of m et a st a bl e p h a s e s aff e cti n g t h e s oli di fi c ati o n p at h w a y s. Alt eri n g t h e 

s oli di fi c ati o n p at h w a y s dir e ctl y aff e ct s t h e mi cr o str u ct ur e a n d i n t ur n t h e m e c h a ni c al pr o p erti e s of t h e p art s. I n 

t hi s st u d y, w e s h o w t h at m o dif yi n g t h e s oli di fi c ati o n p at h w a y t hr o u g h t h e d eli b er at e r et e nti o n of m et a st a bl e 

a u st e nit e i n P H 1 7 – 4 st ai nl e s s st e el ( S S) l e a d s t o si g ni fi c a nt gr ai n r e fi n e m e nt ( o n e or d er of m a g nit u d e s m all er 

gr ai n s) a n d i m pr o v e m e nt i n t e n sil e str e n gt h ( 3 0 % hi g h er ulti m at e t e n sil e str e n gt h) of p art s pri nt e d u si n g L a s er- 

P o w d er  B e d  F u si o n  ( L P B F).  Nitr o g e n  ( N 2 )- at o mi z e d  f e e d st o c k  p o w d er  c o nt ai ni n g  hi g h er  c o n c e ntr ati o n s  of 

a u st e nit e- st a bili zi n g el e m e nt al nitr o g e n w a s u s e d t o pri nt p art s wit h r et ai n e d a u st e nit e. P art s a b s e nt of r et ai n e d 

a u st e nit e pri nt e d u si n g ar g o n- at o mi z e d f e e d st o c k p o w d er w er e u s e d f or c o m p ari s o n of mi cr o str u ct ur e a n d t e n sil e 

pr o p erti e s. T h e gr ai n r e fi n e m e nt h a s b e e n attri b ut e d t o t h e “ cr o w di n g eff e ct ” o b s er v e d d u e t o t h e si m ult a n e o u s 

gr o wt h a n d c o e xi st e n c e of m et a st a bl e a u st e niti c p h a s e wit h t h e st a bl e f errit e. W e al s o s h o w t h at e m pl o yi n g a 

t hr e e- st e p h e at tr e at m e nt pr o c e d ur e c a n eli mi n at e t h e u n w a nt e d yi el d p oi nt b e h a vi or a s s o ci at e d wit h t h e s oft er 

a u st e nit e w hil e pr e s er vi n g t h e s u p eri or t e n sil e pr o p erti e s i n N 2- at o mi z e d s a m pl e s.   

1. I nt r o d u cti o n 

Pr e ci pit ati o n  h ar d e n e d  F e- 1 7 Cr- 4 Ni- 4 C u  st e el  or  si m pl y  P H  1 7- 4 

st ai nl e s s st e el ( S S), i s o n e of t h e m o st c o m m o nl y u s e d m art e n siti c st e el 

w hi c h c o m bi n e s hi g h str e n gt h wit h e x c ell e nt c orr o si o n r e si st a n c e [ 1 – 3 ] . 

O wi n g t o it s e x c ell e nt m e c h a ni c al pr o p erti e s, P H 1 7- 4 S S h a s wi d e s pr e a d 

a p pli c ati o n s i n t h e e n er g y, d ef e n s e, f o o d st or a g e a n d n a v al i n d u stri e s 

[ 4 – 1 0 ] . P H 1 7- 4 S S i s al s o wi d el y u s e d i n t h e f a bri c ati o n of i nj e cti o n 

m ol d s [ 1 1 – 1 3 ] w hi c h r e q uir e a c o m bi n ati o n of hi g h str e n gt h a n d hi g h 

w e ar  r e si st a n c e.  W h e n  pr o d u c e d  t hr o u g h  c o n v e nti o n al  m et h o d s,  P H 

1 7- 4 S S mi cr o str u ct ur e c o n si st s pri m aril y of a b o d y c e nt er e d t etr a g o n al 

( B C T) m art e n siti c p h a s e al o n g wit h s m all q u a ntiti e s of t h e b o d y c e nt er e d 

c u bi c ( B C C) δ -f errit e p h a s e. P H 1 7- 4 S S i s u s u all y str e n gt h e n e d t hr o u g h 

a n  a gi n g  pr o c e s s  vi a  t h e  f or m ati o n  of  s p h eri c al  C u-ri c h  pr e ci pit at e s 

[ 1 4 – 1 7 ] . 

Wit h t h e r a pi d gr o wt h of t h e a d diti v e m a n uf a ct uri n g ( A M) i n d u str y 

a n d  it s  pr o mi s e  t o  pr o d u c e  n e ar- n et- s h a p e  p art s,  t h er e  h a s  b e e n  a 

gr o wi n g i nt er e st i n pr o d u cti o n of st e el s t hr o u g h A M [ 1 8 – 2 7 ] . T h e g o o d 

pri nt a bilit y of P H 1 7- 4 S S al o n g wit h it s v er s atil e a p pli c ati o n i n m a n y 

i n d u stri e s h a v e m a d e it o n e of t h e m o st p o p ul ar st e el s i n A M. I n t h e c a s e 

of A M P H 1 7- 4 S S, a wi d e r a n g e of p h a s e c o m p o siti o n s h a v e b e e n r e -

p ort e d  f or  p art s  pri nt e d  u si n g  p o w d er  b e d  f u si o n  ( P B F)  [ 1 ,2 ,7 – 1 7 ]. 

U nli k e c o n v e nti o n all y m a n uf a ct ur e d P H 1 7- 4 S S, P B F pri nt e d P H 1 7- 4 

S S c a n r et ai n m et a st a bl e a u st e nit e at r o o m t e m p er at ur e s. L ar g e v ari a -

ti o n s  i n  t h e  v ol u m e  fr a cti o n  of  r et ai n e d  a u st e nit e  ( 0– 9 7 %)  h a s  b e e n 

o b s er v e d  b a s e d  o n  v ari ati o n s  i n  pr o c e s s  p ar a m et er s,  p arti c ul arl y  t h e 

el e m e nt al c o m p o siti o n of t h e f e e d st o c k p o w d er [ 2 8 ,3 2 – 3 8 ]. Alt h o u g h 

t h e c o n c e ntr ati o n of e a c h all o yi n g el e m e nt i s c o ntr oll e d b a s e d o n st a n -

d ar d s p e ci fi c ati o n s, sli g ht v ari ati o n wit hi n t h e s p e ci fi e d li mit s i s s h o w n 

t o h a v e a si g ni fi c a nt i m p a ct o n t h e mi cr o str u ct ur e of P B F pri nt e d p art s. 

E v e n t h e t y p e of s hi el di n g g a s u s e d d uri n g pri nti n g i s s h o w n t o h a v e 

alt er e d t h e mi cr o str u ct ur e of P B F pri nt e d P H 1 7- 4 S S [ 5 ,3 2 ]. T h e pr e s -

e n c e of r et ai n e d a u st e nit e h a s s h o w n t o gr e atl y aff e ct t h e m e c h a ni c al 

pr o p erti e s of t h e A M P H 1 7- 4 S S. B a s e d o n t h e a u st e niti c v ol u m e fr a c -

ti o n,  a  wi d e  r a n g e  of  str e n gt h- d u ctilit y  c o m bi n ati o n s  h a v e  b e e n 

o b s er v e d i n A M P H 1 7- 4 S S [ 3 9 – 4 2 ] . T h e r et ai n e d a u st e nit e’s a bilit y t o 

e a sil y  tr a n sf or m  i nt o  m art e n sit e  u p o n  d ef or m ati o n  e n h a n c e s  t h e 

d u ctilit y of t h e pri nt e d p art. T h e i m pr o v e d d u ctilit y, h o w e v er, c o m e s at 

t h e c o st of r e d u c e d yi el d str e n gt h a s t h e s oft er a u st e niti c p h a s e d ef or m s 

at l o w er str e s s v al u e s. O wi n g t o t hi s p o or yi el d str e n gt h, t h e r et ai n e d 
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austenite is often viewed as a deleterious phase and efforts are usually 
focused on preventing its retention during printing. 

While the effect of retained austenite on the mechanical properties of 
PBF printed PH 17-4 SS has been studied extensively, the impact of the 
retained metastable phase on the microstructure of the as-deposited 
parts is not well-understood. This study aims to fill that gap by inves
tigating the impact of retained austenite on the grain morphology in 
laser PBF printed PH 17-4 SS. Metastable austenite was deliberately 
retained through the use of N2-atomized feedstock powders while parts 
printed with powders atomized in Ar were used for comparison. Based 
on detailed metallographic characterization, we propose the solidifica
tion pathways and dynamics of grain growth in the two aforementioned 
samples. The tensile behavior of the as printed samples is investigated to 
understand the impact of different microstructures on the mechanical 
performance of printed parts. Moreover, we employ a standard three- 
step heat treatment procedure to eliminate the metastable austenite 
and further study the tensile behavior of the heat-treated samples. 

2. Experimental 

PH 17-4 powders atomized in argon and nitrogen atmospheres were 
procured from Carpenter Technology Corporations, UK. The elemental 
compositions of both feedstock powders are presented in Table 1. All 
samples were printed using a SLM280 Twin Laser machine with argon as 
the shielding gas. Both samples were printed with a 40 m layer thick
ness at a volumetric energy density of 66.7 J/mm3. The volumetric 
energy density (VED) was calculated using VED P/(v x d x h) where P 
is the laser power, v is the laser scanning speed, d is thickness of the 
powder layer and h is the hatch spacing. The printed samples were 
sectioned and polished using a standard polishing procedure. Some 
polished samples were etched with Kalling s reagent to reveal the mi
crostructures for observation by optical microscopy (OM). Microstruc
ture, grain size, grain orientation and phase compositions were 
evaluated with a Tescan Mira field-emission scanning electron micro
scope (FE-SEM) via electron backscattering diffraction (EBSD) equipped 
with a QUANTAX EBSD apparatus. The EBSD data was analyzed using 
ATEX software [43]. The Scheil-Gulliver simulations were performed 
using the `pycalphad-scheil package in the pycalhad toolbox [44,45]. 
To study the effect of heat treatment, some as-built samples from both Ar 
and N2 atomized conditions were exposed to a three-step heating pro
cess. The samples first undergo homogenization at 1176 C for 90 mins 
in vacuum, followed by a solution treatment at 1040 C for 60 mins with 
a subsequent final aging treatment at 551 C for 4 h. Tensile experiments 
were carried out on using a Deben MT2000 micro-tensile stage with a 2 
kN load cell (Deben UK Ltd, Suffolk, UK) and digital image correlation 
(DIC) was used to capture the tensile strains. The error bars on the 
tensile data were calculated based on deviation from the mean value. 

3. Results and discussion 

3.1. Microstructure and phase composition 

The OM images for the Ar- and N2-atomized samples parallel to the 
build direction are shown in Fig 1. Large columnar grains can be easily 
observed in the Ar-atomized samples whereas the grain shape isn t 
clearly resolved at the same magnification in the case of N2-atomized 
samples. Moreover, the grains in the Ar-atomized samples span across 
multiple melt pool boundaries showing the epitaxial nature of the grain 
growth. The formation of such columnar grains oriented along the build 

direction is a direct consequence of the cyclic thermal history and the 
directional heat flow experienced during the laser PBF process [11]. 
Furthermore, different defect types were observed in the OM images of 
the two samples. The defect type observed throughout the Ar-atomized 
samples was gas porosities (encircled with solid red line) whereas larger 
lack of fusion (shown with dotted lines) defect was primarily observed at 
multiple locations in the N2-atomized samples. Further microscopic 
characterization at higher magnifications using EBSD was conducted to 
study the morphology and orientation of the grains in the two samples. 

The inverse pole figure (IPF) maps obtained from the EBSD analysis 
of both Ar and N2 atomized samples are shown in Fig 2. It is important to 
note here that the scale of the Ar-atomized samples is an order of 
magnitude higher than that of N2-atomized counterpart. Similar to the 
OM images, large columnar grains oriented parallel to the build direc
tion were observed in the Ar-atomized samples. The median size of the 
grains was estimated to be 10.40 m with a standard deviation 15.78 
m. The grain morphology observed in the N2-atomized samples was 

strikingly different. 
The N2-atomized samples show significant grain refinement with a 

median grain size of 0.74 m (standard deviation 0.80 m), which is 
one order of magnitude smaller than the grain size in the Ar-atomized 
case. Furthermore, the orientation of the grains in the N2-atomized 
samples is more random when compared to the highly oriented grains 
observed in the Ar-atomized samples. The multiples of uniform distri
bution (MUD) values obtained from the pole figures of specific planes 
was used to quantify and compare the crystallographic texture [46 48]. 
The pole figure for the (100) plane for both cases is plotted in Fig 2(c, d) 
and the corresponding MUD values confirm that the grains in the 
N2-atomized sample are oriented more randomly (max MUD 3.34) 
when compared to the highly textured grains in the Ar-atomized samples 
(max MUD 6.78). 

The phase composition of printed samples atomized under different 
atomizing gases was markedly different. The phase maps indicate that 
the Ar-atomized samples consists primarily of a single BCC phase 
whereas a mixture of BCC and face centered cubic (FCC) phases were 
observed in the case of N2-atomized samples (Fig. 3). The observed FCC 
phase in the N2-atomized case can be assigned to the metastable 
austenitic ( ) phase. The identification of the observed BCC phase, 
however, is more involved. The lattice parameters of the ferritic (BCC) 
phase and the martensitic (BCT) phase are very close to each other and 
EBSD alone cannot effectively distinguish between these two phases [4]. 
Consequently, the areas indexed as BCC can be either ferrite, martensite 
or a mixture of these two phases. 

One method used to identify these phases involves the comparison of 
the grain misorientation using a Kernel average misorientation (KAM) 
map obtained from the EBSD data [29,30]. KAM quantifies the extent 
the local deformation at a point within the grain with respect to its 
nearest neighbors [49,50]. The martensitic phase in stainless steel is 
formed through a solid-state transformation of the metastable austenitic 
phase wherein the parent phase undergoes shape change as well as 
volumetric expansion. The deformation caused as a result of these 
structural changes show up as regions of high misorientations in the 
KAM maps [51,52]. The KAM maps with similar view fields for both 
cases are shown in Fig 4. The N2-atomized samples contains a mix of 
high and low misorientation regions spread throughout the sample 
confirming that both martensite and -ferrite are present in N2-atomized 
samples. In contrast, the regions of high misorientation in the 
Ar-atomized samples limited only to the high-angle grain boundaries 
which are expected to have higher misorientations. The absence of 

Table 1 
Chemical compositions of Ar and N2 atomized PH 17-4 SS stainless steel powders (wt.%).  

Powder C N Mo Cu Nb Ni Cr Si Mn Fe 

Ar -atomized 0.02 0.01 3.31 0.28 4.38 15.76 0.41 0.39 balance 
N2-atomized 0.05 0.09 0.05 3.17 0.26 3.35 15.45 0.64 0.30 balance  
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Fi g. 1. O M i m a g e s of ( a) Ar- at o mi z e d a n d ( b) N 2- at o mi z e d s a m pl e s.  

Fi g. 2. I P F- Z m a p s p ar all el t o t h e b uil d dir e cti o n a n d p ol e fi g ur e s f or t h e ( 1 0 0) pl a n e s h o w n f or ( a, c) Ar - a n d ( b, d) N 2 - at o mi z e d P H 1 7- 4 S S s a m pl e s.  

Fi g. 3. P h a s e c o m p o siti o n m a p s of a s pri nt e d ( a) Ar - a n d ( b) N 2 - at o mi z e d P H 1 7- 4 S S pri nt e d s a m pl e s.  
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r e gi o n s of hi g h mi s ori e nt ati o n ot h er t h a n t h e gr ai n b o u n d ari e s i n t h e 

Ar- at o mi z e d s a m pl e s s u g g e st t h at δ -f errit e i s t h e m aj orit y p h a s e. 

T h e  diff er e n c e  i n  t h e  o b s er v e d  mi cr o str u ct ur e s  a n d  t h e  p h a s e 

c o m p o siti o n i s a dir e ct c o n s e q u e n c e of t h e c o m bi n e d eff e ct s of f e e d st o c k 

c o m p o siti o n a n d diff er e nt s oli di fi c ati o n p at h w a y s. T h e p h a s e c o m p o si -

ti o n of P H 1 7- 4 S S i s str o n gl y d e p e n d e nt o n t h e el e m e nt al c o m p o siti o n of 

t h e f e e d st o c k p o w d er. C ert ai n el e m e nt s s u c h a s Ni, C, N a n d M n [ 5 3 – 5 6 ] 

str o n gl y st a bili z e t h e a u st e niti c p h a s e w h er e a s ot h er el e m e nt s s u c h Cr, 

Si,  N b  a n d  M b  f a v or  t h e  f or m ati o n  of  t h e  f erriti c  p h a s e [ 5 7 ] .  T h e 

c o m p o siti o n of t h e s oli di fi e d p h a s e c a n b e pr e di ct e d u si n g t h e S c h a ef -

fi er ’s e q ui v al e nt e q u ati o n s [ 5 8 ,5 9 ] w hi c h pr o vi d e t h e r el ati o n s hi p b e -

t w e e n  diff er e nt  all o yi n g  el e m e nt s  t o  f a cilit at e  t h e  c al c ul ati o n  of  t h e 

C hr o mi u m ( Cr e q ) a n d Ni c k el ( Ni e q ) e q ui v al e nt v al u e s: 

Cr e q = [ Cr ]  + [M o ]  + 1 .5 × [ Si ]  + 0 .5 × [ N b ]

Ni e q = [ Ni ]  + 3 0 × [ C ]  + 3 0 × [ N ]  + 0 .5 × [ M n ]

T h e Cr e q / Ni e q r ati o, c al c ul at e d u si n g t h e a b o v e e q u ati o n s, s er v e s a s a 

g ui d e t o pr e di ct t h e p h a s e c o m p o siti o n aft er s oli di fi c ati o n. T h e Cr e q / Ni e q 

r ati o f o r t h e Ar- at o mi z e d p o w d er s w a s c al c ul at e d t o b e 2. 7 6 w hil e t h at 

f or t h e N2 - at o mi z e d p o w d er s w a s 2. 1 0. A hi g h er Cre q / Ni e q v al u e f a v o r s 

t h e f or m ati o n of t h e f errit e p h a s e w h er e a s l o w er Cre q / Ni e q v al u e e n a bl e s 

t h e f or m ati o n of t h e a u st e niti c p h a s e. I n t h e c o nt e xt of t hi s st u d y, t h e u s e 

of N 2 g a s a s t h e at o mi zi n g m e di a i n st e a d of Ar r e s ult e d i n a n a p pr o xi -

m at e 0. 0 9 % i n cr e a s e i n t h e N c o n c e ntr ati o n of t h e f e e d st o c k p o w d er. 

T h e l o w er Cr e q / Ni e q r ati o i n t h e c a s e of N 2 - at o mi z e d p o w d er s s u g g e st s a 

hi g h er  p o s si bilit y  of  a u st e nit e  r et e nti o n  i n  t h e  N 2 -  at o mi z e d  s a m pl e s 

w h e n c o m p ar e d t o it s Ar- at o mi z e d c o u nt er p art s. T h e a u st e niti c p h a s e 

fr a cti o n w a s q u a nti fi e d wit h t h e h el p of a S c h eil- G ulli v er si m ul ati o n t o ol 

b a s e d o n p y c al p h a d. T h e S c h eil- G ulli v er m o d el h a s s h o w n t o b e m or e 

a c c ur at e  u n d er  n o n- e q uili bri u m c o n diti o n s,  t y pi c all y  ari si n g  fr o m  t h e 

i n c o m pl et e diff u si o n of all o yi n g el e m e nt s i n t h e s oli d- st at e d uri n g s o-

li di fi c ati o n.  T h e  e q ui v al e nt  c hr o mi u m  a n d  ni c k el  v al u e s  c al c ul at e d 

u si n g  S c h a ef fi er ’s  e q u ati o n s  w er e  u s e d  a s  i n p ut  c o m p o siti o n  f or  t h e 

S c h eil si m ul ati o n s. T h e s e v al u e s s er v e d a s a m e a n s f or a c c o u nti n g t h e 

o v er all i n fi u e n c e of all t h e c o n stit u e nt el e m e nt s. T h e pr e di ct e d s oli di -

fi c ati o n p at h w a y f or b ot h s et s of p o w d er s i s v er y si mil ar ( Fi g. 5 ). U p o n 

c o oli n g fr o m t h e li q ui d p h a s e, t h e δ -f errit e p h a s e i s e x p e ct e d t o s oli dif y 

fir st  f oll o w e d  b y  t h e  s oli di fi c ati o n  of  t h e  a u st e niti c  p h a s e  at  l o w er 

t e m p er at ur e s. T h e p h a s e fr a cti o n of a u st e nit e i n t h e c a s e of N 2 - at o mi z e d 

p o w d er s ( 0. 0 7) i s, h o w e v er, pr oj e ct e d t o b e hi g h er t h a n t h e Ar- at o mi z e d 

c a s e ( 0. 0 1). 

E v e n  t h o u g h  t h e s e  pr e di cti o n s  m at c h  w ell  wit h  o ur  e x p eri m e nt al 

fi n di n g s,  t h e  u s e  of  S c h eil- G ulli v er  m o d el  f or  t h e  pr e di cti o n  of  p h a s e 

c o m p o siti o n of P B F pri nt e d p art s i s n ot c o m pl et el y a c c ur at e. I n t h e c a s e 

of m et al A M, t h e S c h eil- G ulli v er m o d el d o e s n ot a c c o u nt f or t h e c h a n g e s 

i n  t h e  p h a s e  c o m p o siti o n  c a u s e d  a s  a  r e s ult  of  t h e  hi g h c o oli n g  r at e s 

a s s o ci at e d wit h p o w d er b e d f u si o n ( 1 0 5 – 1 0 7 K / s). Hi g h e r c o oli n g r at e s 

c a n  alt er  t h e  s oli di fi c ati o n  p at h w a y  a n d  i n  t ur n  m o dif y  t h e  p h a s e 

c o m p o siti o n [ 2 1 ,3 1 ,6 0 ]. A c c or di n g t o t h e e q uili bri u m p h a s e di a gr a m f or 

P H 1 7- 4 S S, t h e s oli di fi c ati o n pr o c e e d s i niti all y t hr o u g h t h e f or m ati o n of 

δ -f errit e fr o m t h e li q ui d p h a s e. N e xt, t h e γ - a u st e nit e c a n eit h er n u cl e at e 

fr o m  t h e  li q ui d  or  f or m  t hr o u g h  a  s oli d- st at e  tr a n sf or m ati o n  fr o m 

δ -f errit e. U p o n f urt h er c o oli n g, t h e δ -f errit e tr a n sf or m s c o m pl et el y t o t h e 

a u st e niti c p h a s e w hi c h i n t ur n tr a n sf or m s t o t h e st a bl e m art e n siti c p h a s e 

w h e n q u e n c h e d. T hi s s oli di fi c ati o n s e q u e n c e, h o w e v er, b e c o m e s i n a c -

c ur at e at hi g h c o oli n g r at e s. M or e s p e ci fi c all y, t h e hi g h er c o oli n g r at e s 

l o w er  t h e  ti m e  a v ail a bl e  f or  t h e  tr a n sf or m ati o n  of  t h e δ -f errit e  t o 

Fi g. 4. K A M m a p s of a s pri nt e d ( a) Ar - a n d ( b) N 2 - at o mi z e d P H 1 7- 4 S S pri nt e d s a m pl e s. T h e c ol or b ar s h o w s t h e d e gr e e of mi s ori e nt ati o n c orr e s p o n di n g t o 

e a c h c ol or. 

Fi g. 5. T h e pr e di ct e d p h a s e fr a cti o n a s a f u n cti o n of t e m p er at ur e( K) s h o w n f or ( a) Ar- at o mi z e d a n d ( b) N 2 - at o mi z e d P H 1 7- 4 S S p o w d er s.  
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γ - a u st e nit e w hi c h i s a diff u si o n- c o ntr oll e d pr o c e s s. T h e δ -f errit e eff e c-

ti v el y b y p a s s e s t h e a u st e nit e st a bilit y t e m p er at ur e r a n g e a n d e xi st s a s 

t h e t h er m o d y n a mi c all y st a bl e B C C p h a s e at r o o m t e m p er at ur e wit h o ut 

u n d er g oi n g a n y f urt h er tr a n sf or m ati o n s. 

T hi s s a m e p h e n o m e n o n i s o b s er v e d i n t h e c a s e of t h e Ar- at o mi z e d 

s a m pl e s.  T h e δ -f errit e  p h a s e  n u cl e at e s  fr o m  t h e  li q ui d  b ut  d o e s n’t 

h a v e e n o u g h ti m e t o tr a n sf or m t o t h e a u st e nit e p h a s e. At t h e r el ati v el y 

l o w  c o n c e ntr ati o n  of  nitr o g e n  pr e s e nt  i n  t h e  Ar- at o mi z e d  s a m pl e, 

δ -f errit e  i s  t h e  o nl y  p h a s e  t o  n u cl e at e  fr o m  t h e  li q ui d.  T h e s e  f erriti c 

gr ai n s c o nti n u e t o gr o w f or a l o n g er d ur ati o n b ef or e t h e y ar e i m pi n g e d 

u p o n b y a n ot h er f erriti c gr ai n. T hi s u nr e stri ct e d gr o wt h r e s ult s i n t h e 

f or m ati o n of l ar g e gr ai n s w hi c h f urt h er i n cr e a s e i n si z e a s t h e y r e m elt 

a n d r e s oli dif y i n r e s p o n s e t o t h e c y cli c t h er m al hi st or y o b s er v e d d uri n g 

l a s er P B F. T h e s oli di fi c ati o n p at h w a y of t h e N2 - at o mi z e d, h o w e v er, i s 

e x p e ct e dl y diff er e nt. U nli k e t h e Ar- at o mi z e d s a m pl e s, t h e hi g h er c o n -

c e ntr ati o n of a u st e nit e st a bili zi n g N i n t h e N 2 - at o mi z e d f e e d st o c k e n-

a bl e s  t h e  n u cl e ati o n  of  t h e  a u st e nit e  p h a s e  al o n g si d e δ -f errit e.  U p o n 

s oli di fi c ati o n,  b ot h  p h a s e s  gr o w  si m ult a n e o u sl y  fr o m  t h eir  r e s p e cti v e 

n u cl ei, h o w e v er t h eir c o e xi st e n c e st o p s t h e gr ai n s fr o m gr o wi n g fr e el y. 

W e h y p ot h e si z e t h at t h e c o e xi st e n c e of b ot h f erriti c a n d a u st e niti c gr ai n s 

r e stri ct s  t h e  a v ail a bl e  s p a c e  f or  a  gr o wi n g  gr ai n  b ef or e  it  e n c o u nt er s 

a n ot h er  gr ai n.  W e  r ef er  t o  t hi s  i nt er a cti o n  b et w e e n  t h e  f errit e  a n d 

a u st e nit e gr ai n s a s t h e `` cr o w di n g eff e ct ’’. T hi s cr o w di n g eff e ct r e s ult s i n 

s m all er gr ai n si z e s a n d e x pl ai n s t h e gr ai n r e fi n e m e nt o b s er v e d i n t h e N 2 - 

at o mi z e d s a m pl e s. Hi g h er c o n c e ntr ati o n of N al s o e x pl ai n s t h e pr e s e n c e 

of  t h e  m et a st a bl e  a u st e nit e  at  r o o m  t e m p er at ur e s.  T h er m o d y n a mi c s- 

b a s e d  c o m p ut ati o n s  h a v e  s h o w n  t h at  m art e n siti c  st art  t e m p er at ur e 

( M s), w hi c h i s t h e t e m p er at ur e at w hi c h t h e Gi b b s fr e e e n er g y diff er e n c e 

b et w e e n  t h e  a u st e niti c  a n d  m art e n siti c  p h a s e s  r e a c h e s  t h e  criti c al 

dri vi n g f or c e f or m art e n siti c n u cl e ati o n, d e cr e a s e s wit h a n i n cr e a s e i n 

nitr o g e n  c o nt e nt  i n  st ai nl e s s  st e el  all o y s  [ 4 ,6 1 ].  At  t h e  hi g h er  N 

c o m p o siti o n  o b s er v e d  i n  t h e  c a s e  of  N 2 - at o mi z e d  s a m pl e s,  t h e 

m art e n siti c tr a n sf or m ati o n i niti at e s at a l o w er t e m p er at ur e. T hi s l e a d s t o 

a n i n c o m pl et e tr a n sf or m ati o n of a u st e nit e t o m art e n sit e a n d r e s ult s i n 

t h e  r et e nti o n  of  m et a st a bl e  a u st e nit e  at  r o o m  t e m p er at ur e.  C o n s e -

q u e ntl y,  all  t hr e e  p h a s e s  ( δ -f errit e,  a u st e nit e,  a n d  m art e n sit e)  ar e 

o b s er v e d i n t h e N 2 - at o mi z e d s a m pl e s. A s c h e m ati c s h o wi n g t h e s oli di-

fi c ati o n p at h w a y s f or b ot h at o mi zi n g c o n diti o n s i s s h o w n i n Fi g. 6 . 

3. 2.  M e c h a ni c al pr o p erti es 

T h e  m e c h a ni c al  b e h a vi or  u n d er  t e n sil e  l o a di n g  w a s  al s o  n ot a bl y 

diff er e nt f or t h e Ar a n d N 2 at o mi z e d s a m pl e s. T h e str e s s- str ai n c ur v e s of 

t h e a s- pri nt e d a n d t h e h e at-tr e at e d s a m pl e s f or b ot h at o mi zi n g c o n di -

ti o n s ar e s h o w n i n Fi g. 7 . T h e a s- pri nt e d Ar- at o mi z e d s a m pl e s s h o w e d 

c o nti n u o u s yi el di n g w h er ei n t h e str e s s i n cr e a s e d i niti all y till t h e p oi nt of 

ulti m at e t e n sil e str e n gt h ( U T S) a n d t h e n d e cr e a s e d u nif or ml y till f ail ur e. 

C o ntr aril y, t h e t e n sil e  b e h a vi or of t h e  a s pri nt e d N 2 - at o mi z e d s a m pl e 

w a s n ot u nif or m a s m ar k e d b y t h e pr e s e n c e of yi el d p oi nt el o n g ati o n 

( Y P E)  w h er ei n  t h e  str ai n  i n cr e a s e d  c o nti n u o u sl y  at  a  c o n st a nt  str e s s 

v al u e. T hi s Y P E i s a c o n s e q u e n c e of t h e str ai n-i n d u c e d tr a n sf or m ati o n of 

t h e  r et ai n e d  a u st e nit e  t o  m art e n sit e.  T h e  d ef or m ati o n  c a u s e d  d uri n g 

t e n sil e l o a di n g l e a d s t o t h e f or m ati o n of n u cl e ati o n sit e s f a v or a bl e f or 

t h e  tr a n sf or m ati o n  of  t h e  m et a st a bl e  a u st e nit e  t o  t h e  e n er g eti c all y 

f a v or a bl e m art e n siti c p h a s e. T h e str ai n-i n d u c e d tr a n sf or m ati o n of t h e 

r et ai n e d a u st e nit e t o m art e n sit e a ct s a s a n a d diti o n al d ef or m ati o n m o d e 

a n d r e s ult s i n str ai n h ar d e ni n g [ 6 2 ,6 3 ]. T hi s p h e n o m e n o n i s si mil ar t o 

t h e  m art e n siti c  tr a n sf or m ati o n  o b s er v e d  i n  tr a n sf or m ati o n  i n d u c e d 

Fi g. 6. S c h e m ati c of s oli di fi c ati o n p at h w a y a n d gr ai n gr o wt h.  

Fi g.  7. Str e s s  str ai n  c ur v e s  f or  t h e  a s- pri nt e d  a n d  h e at-tr e at e d  s a m pl e s  f or 

b ot h s a m pl e s. 
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pl a sti cit y( T RI P) st e el s [ 6 4 – 6 6 ] . A s a r e s ult of t h e s m all er gr ai n si z e a n d 

t h e pr e s e n c e of t h e h ar d er m art e n siti c p h a s e, t h e U T S f or t h e a s pri nt e d 

N 2 - at o mi z e d s a m pl e 1 1 8 6 (± 3 5) M P a w a s e x p e ct e dl y hi g h er t h a n t h e 

Ar- at o mi z e d  s a m pl e s  8 6 6  ( ± 2)  M P a.  I nt er e sti n gl y  t h o u g h,  t h e  yi el d 

str e n gt h of t h e N 2 - at o mi z e d s a m pl e s w a s l o w er w h e n c o m p ar e d t o t h e 

Ar- at o mi z e d  c o u nt er p art s.  T h e  l o w er  yi el d  str e n gt h  o b s er v e d  i n 

N 2 - at o mi z e d  s a m pl e s  c a n  b e  attri b ut e d  t o  l o a d  p artiti o ni n g,  a 

w ell- k n o w n p h e n o m e n o n oft e n o b s er v e d i n d u pl e x st ai nl e s s st e el s [ 6 7 , 

6 8 ].  T h e  a u st e niti c  p h a s e  i s  si g ni fi c a ntl y  s oft er  t h a n  t h e  m art e n si -

ti c /f erriti c  p h a s e  a n d  a c c o m m o d at e s  m o st  of  t h e  i niti al  pl a sti c  d ef or -

m ati o n. A s t h e str ai n i n cr e a s e s, t h e l o a d gr a d u all y tr a n sf er s t o t h e h ar d er 

f errit e / m art e n sit e p h a s e, r e s ulti n g i n i m pr o v e d t e n sil e str e n gt h. 

O wi n g t o t h e Y P E, t h e el o n g ati o n at f ail ur e ( E F) f or t h e a s pri nt e d N 2 - 

at o mi z e d  s a m pl e s  w a s  al s o  l ar g er  t h a n  t h e  a s  pri nt e d  Ar- at o mi z e d 

c o u nt er p art. H o w e v er, t h e pr e s e n c e of Y P E i s d etri m e nt al f or p art s i n 

s er vi c e a s t h e y c a n u n d er g o si g ni fi c a nt pl a sti c d ef or m ati o n w ell b el o w 

t h eir U T S. T h er ef or e, it i s i m p er ati v e t o eli mi n at e t hi s Y P E a n d i m pr o v e 

t h e  p art’s  r e si st a n c e  t o  pl a sti c  d ef or m ati o n.  T o  a c hi e v e  t hi s,  w e 

e m pl o y e d  a  t hr e e- st e p  h e at  tr e at m e nt  pr o c e s s  wit h  t h e  i nt e nti o n  of 

eli mi n ati n g Y P E w hil e pr e s er vi n g t h e s u p eri or m e c h a ni c al pr o p erti e s of 

t h e N2 - at o mi z e d s a m pl e s. A s s e e n i n Fi g. 7 , t h e h e at tr e at e d N2 - at o mi z e d 

s a m pl e s s h o w a m or e c o nti n u o u s yi el di n g b e h a vi or w h e n c o m p ar e d t o 

t h e  a s- pri nt e d  N2 - at o mi z e d  s a m pl e s.  N o  r e gi o n s  s h o wi n g  i n cr e a si n g 

str ai n at c o n st a nt str e s s v al u e s w er e o b s er v e d c o n fir mi n g t h at Y P E w a s 

s u c c e s sf ull y  eli mi n at e d.  E B S D  a n al y si s  w a s  p erf or m e d  o n  t h e  h e at- 

tr e at e d  s a m pl e s  t o  st u d y  mi cr o str u ct ur al  c h a n g e s  w h e n  c o m p ar e d  t o 

t h e  a s- pri nt e d  s a m pl e s.  T h e  I P F Z  m a p s  of  b ot h  h e at-tr e at e d  s a m pl e s 

s h o w  l at h-li k e  str u ct ur e s  t y pi c al  of  m art e n sit e  ( Fi g.  8 a,  d).  Hi g h 

mi s ori e nt ati o n  r e gi o n s  i n  t h e  K A M  m a p s  c orr e s p o n di n g  t o  t h e  l at h- 

s h a p e d  gr ai n s  c o n fir m  t h e  pr e s e n c e  of  m art e n sit e  ( Fi g.  8 c,  f).  T h e 

p h a s e  m a p s  ( Fi g.  8 b,  e)  of  t h e  Ar- at o mi z e d  s a m pl e  c o m pri s e  o nl y  of 

B C C / B C T p h a s e s, h o w e v er, ti n y fr a cti o n s of a u st e niti c p h a s e still r e m ai n 

i n t h e N2 - at o mi z e d s a m pl e s. H e at tr e at m e nt h a s a si mil ar eff e ct o n t h e 

m e c h a ni c al pr o p erti e s of b ot h s a m pl e s w h er ei n t h e U T S i n cr e a s e s w hil e 

t h e d u ctilit y d e cr e a s e s. I nt er e sti n gl y t h o u g h, t h e U T S a n d d u ctilit y f or 

t h e h e at-tr e at e d N2 - at o mi z e d s a m pl e i s still hi g h er w h e n c o m p ar e d t o 

t h e Ar- at o mi z e d h e at-tr e at e d c o u nt er p art s. T h e yi el d str e s s f or t h e h e at- 

tr e at e d s a m pl e s i s al s o c o m p ar a bl e i n c o ntr a st t o t h e a s- pri nt e d s a m pl e s 

w h er ei n t h e N 2 - at o mi z e d s a m pl e s yi el d e d at a m u c h l o w er v al u e. T h e s e 

fi n di n g s pr o vi d e a n o v el p at h w a y t o pr o d u c e P B F pri nt e d P H 1 7- 4 S S 

wit h i m pr o v e d m e c h a ni c al pr o p erti e s u si n g m et a st a bl e a u st e nit e a s a n 

i nt er m e di ar y. 

4.  C o n cl u si o n 

T h e  eff e ct  of  m et a st a bl e  r et ai n e d  a u st e nit e  o n  t h e  mi cr o str u ct ur e, 

p h a s e c o m p o siti o n a n d m e c h a ni c al pr o p erti e s of P B F pri nt e d P H 1 7- 4 S S 

s a m pl e s h a s b e e n i n v e sti g at e d. D et ail e d c h ar a ct eri z ati o n s of P B F pri nt e d 

p art s wit h f e e d st o c k p o w d er s at o mi z e d u si n g t w o diff er e nt g a s e s, Ar a n d 

N 2 s h o w st ri ki n gl y diff er e nt mi cr o str u ct ur e s. T h e Ar- at o mi z e d s a m pl e 

w a s  c h ar a ct eri z e d  b y  t h e  pr e s e n c e  of  l ar g e  c ol u m n ar  gr ai n s  ori e nt e d 

p ar all el t o t h e b uil d dir e cti o n. I n t h e a b s e n c e of a u st e nit e st a bili zi n g N 

a n d at t h e hi g h c o oli n g r at e s a s s o ci at e d wit h P B F pr o c e s s, t h e s oli di fi -

c ati o n b y p a s s e s t h e a u st e nit e st a bilit y t e m p er at ur e r a n g e a n d δ -f errit e i s 

t h e o nl y p h a s e o b s er v e d at r o o m t e m p er at ur e. I nt er e sti n gl y, t h e gr ai n 

m or p h ol o g y a n d p h a s e c o m p o siti o n of t h e N 2 - at o mi z e d s a m pl e pri nt e d 

u n d er si mil ar c o n diti o n s w a s v er y diff er e nt. T h e N 2 - at o mi z e d s a m pl e s 

w a s  c o m p o s e d  of  a  mi xt ur e  of δ -f errit e,  m et a st a bl e  a u st e nit e  a n d  t h e 

m art e n siti c p h a s e. T h e pr e s e n c e of t h e s e p h a s e s e n a bl e r e fi n e m e nt of t h e 

gr ai n str u ct ur e a n d i m pr o v e s t h e U T S of t h e pri nt e d s a m pl e al b eit at t h e 

c o st of i ntr o d u ci n g Y P E a n d l o w eri n g t h e yi el d str e s s. H o w e v er, wit h t h e 

i m pl e m e nt ati o n of a n a p pr o pri at e h e at tr e at m e nt pr o c e d ur e, t h e d etri-

m e nt al eff e ct s of Y P E c a n b e eli mi n at e d t o g et a fi n al p art wit h s u p eri or 

m e c h a ni c al pr o p erti e s. It i s i m p ort a nt t o hi g hli g ht t h at t h e s c o p e of t h e 

m et h o d ol o g y  m e nti o n e d  i n  t hi s  st u d y  e xt e n d s  b e y o n d  P H  1 7- 4  S S  t o 

ot h er m at eri al s y st e m s w h er ei n t h e mi cr o str u ct ur e a n d pr o p erti e s of A M 

Fi g. 8. I P F- Z, p h a s e c o m p o siti o n a n d K A M m a p s s h o w n i n ( a, b, c) f or h e at-tr e at e d Ar- at o mi z e d a n d ( d, e,f) f or h e at-tr e at e d N 2- at o mi z e d s a m pl e.  
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parts can be tuned using metastable phases as an intermediary. 
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