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Abstract.

PM HIP 316L is an alloy that is of increased ing¢rtor nuclear applications since its
recent ASME code case approval. Over the yearspegimnsive data and understanding of
the properties and features have been collecteceaaldiated which will be summarized in
this article. Since the early developments of theHAP technology it has been observed that
PM HIP alloys generally exhibit higher yield strémg compared to their conventional
counterparts, a feature that applies well for 316Lthis article this is demonstrated, both by
using the Hall-Petch relationship as well as Piciggs and Irvine’s empirically derived
relationship between composition and grain sizeafestenitic stainless steels. Furthermore, a
mechanism generating the increased yield strengt?M HIP 316L vs conventionally
manufactured 316L will be proposed. Results alsmsthat low oxygen contents itself is not
a guarantee for good or increased performancein & mechanical properties, but that there
are other features that is of similar or perhapsnekigher importance in order to achieve
good properties. The results of this article ineludicrostructural properties derived from
EBSD measurements as well as tensile and impagiefies in a wide range of test
temperatures of PM HIP 316L from several powderchied manufactured at different
locations and processed with various HIP and heatrhent procedures. Finally, some results
regarding creep properties of PM HIP 316L is présgn

Introduction

Austenitic stainless steel 316L is one of the ncosaimonly known and used stainless steel
grades and the performance and properties of tlug m different product forms is well
known. Powder Metallurgical manufacturing via GasrAization and Hot Isostatic Pressing
is a manufacturing technology known to generat&rapic microstructures, high cleanliness
and often improved mechanical properties. In lighthe recent ASME code case approval
for PM HIP 316L [1], the properties of this alloyavhis manufacturing process has become
of increasing interest [2-4]. This article will gvan overview of the properties of PM HIP
316L/316LN, how properties can be affected by vagymanufacturing process parameters
and compare how they differ from the conventionaignufactured counterparts.

Microstructure

One of the large benefits with PM HIP manufacturiaghat the microstructures of the
manufactured components are homogeneous, isotampichave high cleanliness. All these
features apply also for PM HIP 316L/316LN and ttates into excellent ultrasonic
inspectability [4]. Regarding cleanliness, the cleajority of the non-metallic inclusions
found in PM HIP 316L/316LN are well below 2.8 um &ze and are predominately
constituted by oxides [2,3]. The oxides can oritgnaither from the melt which are later
trapped within the powder particles (bulk oxides)rom the surface oxide layer and oxide
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particles formed on each powder particle surfater afolidification (surface oxides) [3,5].

The latter are often referred to as PPB (PrioriéarBoundary) inclusions in the HIPed

microstructure and can form a network that affecitdity and toughness adversely if they are
present in large amounts. The general perceptiom fmanufacturing experience is that
formation of detrimental PPB inclusion networksn@ an issue for PM HIP 316L/316LN if

properly processed during manufacturing. Inclusion®®M HIP 316L/316LN have been

observed to pin grain boundaries and affect grai@ [gl]. In Fig. 1 a general microstructure
displaying grain size and grain orientation deritt@sin EBSD (a) and a SEM image of small
inclusions at high magnification can be seen {@}iy. 2 the size distribution of non-metallic
inclusions in different batches of PM HIP 316L aBHl6LN as well as conventionally

manufactured 316L (hot rolled @50 mm bar) can bseoked.
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Fig. 1. EBSD map of grain size and orientation at 100x mfagation (a) and small inclusions
some pinning grain boundaries, at 2000x magnificefb) in PM HIP 316L
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Fig. 2. Size distribution of non-metallic inclusions in AP & conventional 316L/316LN.

Mechanical properties

The average mechanical properties + standard daviat room temperature, 300°C and
354°C for different PM HIP 316L components with imhiicknesses ranging from 60 to 600
mm and weight from 10 kg to > 3000 kg is notedaipl¢ 1.

Table 1. Average mech. properties + st. deviation at 28, &d 350°C for PM HIP 316L.
Temp. [°C] Samples [#] Rp0.2 [MPa] UTS [MPa] A[%] Impact Toughness [J]

23 37 275+ 13 582+20 602 204 + 23
300 12 1737 444 +1 39+1 -
354 23 164 + 13 439+ 6 38+4 -

Looking at the tensile properties of PM HIP 316ld&816LN, it appears as if the yield
strength is generally higher than for conventionatnufactured counterparts. Pickering and



Irvine et. al. derived an empirical relationshiptvoeen compositional and microstructural
parameters and yield strength for austenitic stasbkteels shown as Eq. 1 [6,7].

Rp0.2 (MPa) = 15.4[4.4+23(C)+1.3(Si)+0.24(Cr)+0Ma]+1.2(V)+0.29(W)+2.6(Nb)+
1.7(Ti)+0.82(AN)+32(N)+0.16(delta ferrite)+0.489. (1)

In Eq. 1 the elements are in weight percent, deltdte in percent and is the linear
intercept of the grain diameter in millimeters. Fegdisplays both the measured and predicted
yield strength according to Pickering and Irvineadt of different PM HIP 316L and 316LN
batches as well as for conventionally manufactemehterparts found in literature [8-10]. As
can be observed the Pickering-Irvine predictionelatively accurate for conventional 316L
while the yield strength of the PM HIP samples amgistently underestimated. This is an
indication that the PM HIP samples exhibit a stteaging contribution from other factors
than composition, delta ferrite and grain size.
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Fig. 3. Measured (blue) and predicted (red) yield streiagth to Pickering and Irvine [6,7]

The main strengthening contributors according to Ecs grain size, N and C content. If
the strengthening contribution from these factars subtracted from the measured yield
strength, a theoretical yield strength (here
denoted as RpO0.2-n) normalized with

— 260 0Pt [2] regard to these parameters should be
S L0 ',,0" orr 1 obtained. Fig. 4 shows a plot of Rp0.2-n
=R versus amount of oxygen containing
g 220 T =099 P3**[21 | inclusions per mmlarger than 0.175 pm.
2 200 g ' @ P4x* As can be observed there is a good
180 eci'[2] _correlqtion between _these parameters,
0 2000 4000 6000  SO00 indicating a strengthening effect from the

oxygen containing inclusions in PM HIP
: : 316L/316LN which is not present in the
Fig. 4 Rp0.2-n vs. O-cont. incl. per nim  conventionally manufactured 316L.

O-cont. inclusions >0.175 pum per mm?2

In eight different PM HIP 316LN samples of simileomposition, the grain size was
measured with EBSD and the amount of inclusionsl?®.um were measured using
automated SEM-EDS analysis. According to the HatkR relationship shown in Eqg. 2 there
should be a linear correlation between vyield stiterepd grain size [11,12]. However, this
correlation was relatively poor for these sampkesan be observed in Fig. 5.

k
oy = 0y +\/—% (2)

In Eq. 20y is the yield strengthyo is the intrinsic yield strength (i.e. the yieldestgth of
the material with infinitely large grain size, alsalled internal friction stress)y ks a material



specific constant, and d is the mean intercepnhgiie. The yield strength contribution from
the grain size of the samples were calculated iichvky, was chosen to be 164 MPa-fifras
derived for 316L [13]. The calculated grain sizentribution was then subtracted from the
measured yield strength for each sample to obkanrttrinsic yield strength/internal friction
stressoo. In Fig. 6 the intrinsic yield strength/internaiction stressso is plotted versus the
ECD (Equivalent Circle Diameter) of oxides largearn 0.175 pm. As can be observed there
is a good correlation between these parametergainy a strengthening effect from the
oxide inclusions which could account for yield sgth variations aside from grain size
differences in these samples.
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Fig. 5. Yield strength vs. inverted square rootFig. 6. Intrinsic yield strengtloo vs oxygen

of the mean intercept grain size. containing inclusions >0.175 um per im

In both the case where PM HIP 316L and 316LN sasnkre compared with
conventional counterparts utilizing Irvine and Ridkg’s empirical relationship and where
seven similar PM HIP 316LN samples were compareh thie Hall-Petch relationship,
results indicate a strengthening mechanism by xlggen-containing inclusions in the PM
HIP samples. A general feature of PM HIP alloyghat they generally exhibit higher yield
strength compared to their conventional countesparfeature that is valid for PM HIP 316L
and 316LN. A possible explanation for this featcoeald be that the relatively large amounts
of small oxygen containing inclusions could acsamll precipitates impeding dislocation
movements during tensile strain, i. e. Orowan gjifeening. It should be mentioned that such
strengthening effect should be stronger for oxyg@amtaining inclusions smaller than 0.175
pum. Such small inclusions are more difficult to rettderise qualitatively and quantitatively.
This theory is strengthened by the observationttieyield strength is reduced by 6-7 % in
PM HIP 316LN when the oxygen content is reduced by 55% [14]. The samples with
lower yield strength exhibited larger grain sizet btilizing Eq. 1 and 2. of this study it can
be estimated that this increase in grain size oanaccount for a small amount of the yield
strength reduction.

The impact toughness of PM HIP materials is a tafien discussed. Recently there has
been raised concern as to why PM HIP 316L seerdsojp in impact toughness at cryogenic
temperatures [2,3,15]. It appears as if this degem impact toughness at cryogenic
temperatures is caused by the relatively large atsoof small inclusions found in the
microstructure. Inclusions also affect impact tauggs at room temperature, but due to the
strength increase and ductility decrease of theixnat lower temperatures the inclusions
become more detrimental to impact toughness [3¢ ifiipact toughness for several batches
of PM HIP 316L/316LN and conventionally manufacti816L from different manufacturers
at temperatures in the interval -196°C — 300°C lwauseen in Fig. 7. As can be observed the
impact toughness drops at -100°C and -196°C foPtieHIP samples while this is not the
case for the forged 316L. Another observation taat be made is that the PM HIP materials
can meet and exceed the conventional materialsdadlaove room temperature.
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Fig. 7. Impact toughness for PM HIP and conventional 3LBLbetween -196 to 300°C.

A general conception for PM HIP materials is thaipact toughness improves with
decreasing oxygen content. This is essentiallydvaii PM HIP 316L and 316LN, as studies
where oxygen content is significantly reduced digpl an impact toughness at room
temperature that almost doubled from ~225 to arod@@ J for PM HIP 316L [16]. In a
similar study for PM HIP 316LN the impact toughness196°C increased by ~260 % (from
93 to 243 J), highlighting that oxides are a larggue at cryogenic temperatures [17].
However, the total oxygen content is not a congkrisndicator on how the materials will
perform regarding impact toughness. As explainedipusly, the total oxygen content in PM
HIP materials originate both from bulk oxides amdface oxides [3,5]. The latter source of
oxygen has a more detrimental effect on impacthoegs as it is known to form a network of
oxides on the PPBs if the surface oxygen contehigis. PM HIP 316L/LN is known to have
a ductile fracture, and voids are normally nucléateund inclusions during deformation [2].
This has been observed in in-situ SEM tensilertgsstudies of PM HIP 316L of which an

: example can be seen in Fig. 8. These voids
grow during further deformation and
ultimately coalesce with each other leading
to fracture [2,3,18]. Having larger amounts
of oxides in the microstructure as an effect
of higher oxygen content will result in
increased number of sites for void
nucleation and reduced space for voids to
grow without coalescing with adjacent
voids, thus accelerating the fracture
propagation. In the case of PPB oxide
networks, void coalescence will occur

1 pm Signal A = InLen EHT 20.00 kV

7 - ——— wo=1omm ws- scokx | @lMOSt immediately after void nucleation
Flg 8. In- S|tu SEM tensile test showmg void due to the vicinity of each PPB oxide which
nucleation and growth around inclusions forleads to significantly reduced impact
PM HIP 316L at 16000x magnification [2]. toughness.

Fig. 9 shows an example of how the impact toughnassvary between different samples
of PM HIP 316LN even though oxygen contents areilaima), and how the impact
toughness can vary depending on manufacturing psoparameters for the same batch (b).
Relatively large differences in impact toughness lva observed for PM HIP 316LN between
different batches and process parameters whicleatelithat the total oxygen content is not
the only parameter to indicate this property in PIMP materials. Note that some samples
reach close to 400 J which is similar to the presip mentioned PM HIP 316L with greatly
reduced oxygen content (22 ppm) [16]. This highkgthat good impact toughness can be
achieved with 100 ppm oxygen content, i.e. withmaxting to greatly reduce oxygen content.
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Fig. 9. Samples with similar oxygen content (a), effegpaicess parameters on same batch.
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g 150 ""-.-,‘-A,_k. test temperature in Kelvin andi$ hours to rupture.
& 100 s, As can be observed the creep properties seem to be

50 < similar for PM HIP and conventional 316L. Test

18500 20000 21500 23000  Specimens were connected in series in test cells
LMP = T(log t, + 20) which were loaded prior to heating. The samples
Fig. 10 Creep properties. were at different instances removed from the
furnace, unloaded and cooled down for measuremiBotEontinuous measurements of load
and elongation was available in the test setup lwinakes the data more uncertain.

Summary

PM HIP 316L/LN exhibits a homogeneous and isotromecrostructure with high
cleanliness. Non-metallic inclusions found in thécnwstructure are small and relatively
evenly distributed. Oxygen containing inclusionsn ceeemingly affect the mechanical
properties, both positively as in the case of yigticength, and adversely in some cases for
impact toughness. The total oxygen content in PN? BL6L/LN can on a broader scale
indicate impact toughness levels, but results ©f $tudy shows that it is not a meticulous
parameter for this. Results presented in this ss&hityws that excellent properties can be
achieved for PM HIP 316L/LN at moderate oxygen levieprocessed correctly.
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