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ABSTRACT

This work was undertaken in order to shed some light on a poorly explored phase transformation
of o-ferrite to austenite (6—y) in steels. To this end, electron backscatter diffraction (EBSD)
was employed to characterize the microstructure fabricated by laser powder bed fusion (L-PBF)
of 17-4 PH martensitic steel. It was found that the phase transformation involved two different
mechanisms, i.e., the displacive and diffusion-driven ones. The orientation relationship between
the o-ferrite and austenite spanned a wide range between the “classical” Kurdjumov—Sachs and
Nishiyama—Wassermann relationships. Notably, the phase transformation was governed by a strict
selection of crystallographic variants with a distinct preference for twin-related variants.
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AHHOTAIIMSA

Hacrosiias pabota nocssieHa uccie0BaHUI0 MaJou3y4eHHOro (ha30BOro npespaiieHus o-peppura
B aycTeHHT (0—y) B cTaisax. C 9Toil 1enbpio MeToa Iudpakiuu o0paTHO PaCCESHHBIX AIEKTPOHOB
(EBSD) Obl1 mpuMeHeH /ISl UCCIIEI0BaHUS MUKPOCTPYKTYPBI, COPMUPOBAHHOI B ITpOLIECCe J1a3ep-
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Horo 1uiaBnenus B cioe (L-PBF meton) maprencutHo-craperouieii ctanu 17-4 PH. Yeranosneno, uto
(a3zoBoe MpeBpalieHre MPOTEKaeT MO ABYM pa3INyHbIM MEXaHU3MaM: CIBUTOBOMY H A (dy3uoHHO-
My. OpUEHTAaLMOHHBIE COOTHOILIECHHS MEX Ty O-(DEpPPUTOM U ayCTEHUTOM BapbUPOBAIUCH B IIMPOKOM
JMana3oHe MeXy KilaccuueckuMu cooTHowmeHusmMu KyparomoBa—3akca 1 Humusmei-Baccepmana.
BaxHO OTMETUTh, YTO MpEBpAIEHUE COMPOBOXKAAIOCH CTPOTUM OTOOPOM KpHCTALIOrpaduIecKux
BapHaHTOB C SIBHBIM IIPEIIIOYTEHUEM B I10JIb3Y ABOWHUKOBBIX BAPUAHTOB.

KIJIFOYEBBIE CJIOBA

®da3oBbIC NpeBpalICHUA; MAPTCHCHUTHAA CTallb; CCIICKTHBHOC JIA3CPHOC IIJIABJIICHUC, zm(bpaxumi

00paTHO pacCEesTHHBIX AIIEKTPOHOB.

Introduction

Given the enormous industrial significance
of martensitic transformations in steels,
these have been extensively investigated for
over more than a century. Accordingly, this
phenomenon is currently among the best-
studied ones in materials science. In contrast,
the transformation of O-ferrite to austenite
(0—vy hereafter) has attracted much less
attention so far. This was primarily due to the
substantially lower practical importance of
this process in conventional metalworking. An
additional issue is also the high-temperature
nature of this transformation, which challenges
its detailed examination.

However, the recent invention of additive
technologies has changed not only the
fundamental concept of the manufacturing
process but also the underlying metallurgical
phenomena. Specifically, due to the unique
nature of the laser powder bed fusion (L-PBF)
technique, the additive products from martensitic
steels often contain a significant fraction of
O-ferrite and austenite [e.g., 1, 2]. Accordingly,
the 0—y phase transformation may exert a
significant influence on the service properties of
the L-PBF’ed steels. Therefore, it becomes of
particular interest.

A survey of the available scientific
literature showed that the current knowledge
on the 60—y phase transformation is limited.
Particularly, it is believed that the austenitic
phase preferentially nucleates at the ferrite grain
boundaries [3—5] and then propagates into the
grain interior [5, 6]. The phase transformation
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is governed by the displacive mechanism [7,
8], but it may also be assisted by the diffusion-
driven processes [9]. There is a scattering in the
literature regarding the orientation relationship
between the d-ferrite and austenite. Often, the
“classical” Kurdjumov—Sachs (K-S) relation is
reported [3, 8, 10—12]. In some cases, however,
the Nishiyama—Wasserman (N-W) [7] or even
“mixed” orientation relations [4, 6, 9, 13] were
also found.

Despite the above-mentioned works
having provided valuable insight into the
0—y transformation, it is believed that
crystallographic aspects of this phenomenon are
far from clear. The present study was undertaken
in order to contribute to this issue. Considering
the particular importance of this phenomenon
in the field of additive manufacturing, it was
studied in the L-PBF’ed 17-4 PH martensitic
steel. Moreover, this technology provides an
excellent opportunity to investigate this phase
transformation directly.

1. Experimental

The program material used in this work
was an atomized powder of commercial
17-4 PH martensitic steel. The nominal chemical
composition of this steel is shown in Table 1.
The material was produced by 3D Systems Inc.
using the nitrogen-gas atomization technique. In
the supplied material, the powder particles had a
nearly spherical morphology and often contained
satellites. The particle size ranged from 1.4
to 53.2 mm, with a mean volume diameter
being 13.5 mm. The percentile diameters were
D,~42um,D ~11.5 um, and D, ~25.8 pm.
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Table 1. Nominal chemical composition of 17-4 PH martensitic steel (wt.%)

Ta6auna 1. HomMuHaIbHBIN XUMHUECKHH COCTaB MapTeHCUTHO-cTaperome cranu 17-4 PH (mac. %)

Fe Cr Ni Cu Mn

Si Ta + Nb C P S

Balance 15.0-17.5 | 3.0-5.0 | 3.0-5.0 <1.0

<1.0 | 0.15-0.45 <0.07 <0.04 <0.03

The L-PBF process was performed on a
ProX DMD 200 machine (3D Systems) under
the manufacturer-recommended conditions,
1.e., a laser power of 240 W, a laser scanning
speed of 2500 mm/s, a hatch distance of 50 um,
and a layer thickness of 30 um (the volumetric
energy density of 64 J/mm?®). A simple parallel
scan strategy was employed with the laser scan
direction rotated by 90° between successive
layers. A typical L-PBF geometry was adopted
in this work, i.e., the building direction (BD),
the motion direction of the powder roller
(RD), and the transverse direction (TD). A
cuboidal-shaped sample with dimensions
of 10x10x20 mm? (RDxTDxBD) was built in a
nitrogen atmosphere.

For microstructural observations, the built
sample was sectioned in half along the building
direction, mounted into a conductive resin,
and mechanically polished using standard
metallographic procedures. A final surface finish
was achieved using =24 h vibratory polishing
with an OP-S colloidal silica suspension.

The microstructural examinations were
conducted using the electron backscatter
diffraction (EBSD) technique. EBSD analysis
was performed employing an FEI Quanta
600 field-emission-gun scanning electron
microscope (FEG-SEM) equipped with TSL
OIM™ software and operated at an accelerated
voltage of 20 kV. Given the difficulty of
discriminating ferrite from martensite in EBSD,
these two phases were indexed as the generic
body-centered phase; accordingly, the austenite
was indexed as the generic face-centered cubic
phase. To provide both a necessary spatial
resolution and sufficient sampling statistics, an
intermediate EBSD scan step size of 0.2 um
was applied. To enhance the reliability of EBSD
data, the fine grains comprising two or one pixel
were automatically “cleaned” from the acquired

EBSD map using the standard grain-dilation
option of EBSD software. To eliminate spurious
boundaries caused by orientation noise, a lower
limit boundary misorientation cut-off of 2° was
applied.

2. Results and Discussion

Preliminary analysis. The typical EBSD
image-quality' (IQ) map taken from the built
sample is shown in Fig. 1. In Fig. 1, a, the
austenitic phase is highlighted with red.

Despite the L-PBF process being conducted
under the manufacturer-recommended regime,
a measurable portion of volumetric defects
was found within the additive material. A
typical example of the lack-of-fusion defects is
indicated by the arrow in Fig. 1, a.

In the line with the scientific literature
[e.g., 1, 2], a more or less distinct “fish scale”
structure was revealed (Fig. 1, a). It is often
believed that such a mesoscale structure is
intrinsic to the L-PBF process and arises from
the highly localized nature of the melting-to-
solidification sequence. Remarkably, the typical
breadth of the local molten pools was close to
~100 pum, i.e., it was comparable with a laser
beam diameter applied in the present study
(=78 um). It is also important to emphasize that
the characteristic depth of the pools significantly
exceeded the nominal thickness of the powder
layer, i.e., 30 um (Fig. 1, a). This observation
suggested that the additive material experienced
several melting-to-solidification cycles during
the L-PBF process.

"'In TSL OIM software, the image quality (IQ) index
characterizes the sharpness of the Kikuchi bands in a
digitized diffraction pattern. The grayscale IQ maps are
often similar to the corresponding optical (or scanning-
electron-microscopy) images of a microstructure.
Accordingly, those can be simple for comparison with
conventional metallography.
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Fig. 1. EBSD image-quality map of produced microstructure:

a — entire map and b — austenite map. The common reference frame for the figures is given in the top
right corner of (a); BD, RD, and TD define the building direction, the motion direction of the powder roller,
and the transverse direction, respectively. In (@), austenitic phase is highlighted with red;
arrow exemplifies a lack of fusion defect. In (b), arrow exemplifies an austenite particle
with relatively high IQ index, which presumably originated from a recrystallization mechanism

Puc. 1. Kapra xauectpa uzobpaxenus (1Q) EBSD chopmupoBaHHO# MUKPOCTPYKTYPHI:
a — obwas kapma u b — kapma aycmenuma. OO1Ias cucreMa KOOpJIUHAT JJIsl PUCYHKOB IIPHUBE/ICHA B IIPABOM HIYKHEM
yriy (a); BD, RD u TD 0603HauatoT HampaBjieHHE BhIpAIMBaHKs, HANIpaBJIeHUE ABMXKCHHUS MOPOIIKOBOTO POIHKA
U [IOTIepeyHOe HalpaBJeHUe COOTBETCTBEHHO. Ha (@) aycTenuTHas (ha3a BbljiesieHa KPACHBIM IIBETOM; CTPEJIKOH IOKa3aH
npumep nedekra HecruianeHus. Ha (D) cTpenkoi mokazaHa 4acTHila ayCTEHHTA C OTHOCHTEIILHO BHICOKUM
uHjeKcoM 1Q, koTopasi, MpeAnoNoKUTEIbHO, 00pa30oBaIach 0 MEXaHU3MY PEKPUCTAILIH3ALUH

Another  important characteristic  of
the evolved microstructure was the fairly
inhomogeneous character of its spatial
distribution (Fig. 1, a). Specifically, the central
part of the pools was typically occupied by
the comparatively coarse columnar-shaped
grains with a relatively high IQ index,
which presumably represented d-ferrite. The
measured volume fraction of this phase was
~57%.

On the other hand, the fine-grained austenite/
martensite structure tended to cluster near the
pool borders, preferentially along the laser
tracks or at the pool triple joints. Moreover, the
local austenite “islands” were also sporadically
revealed along the o-ferrite grain boundaries
within the pools. The volume fraction of the
austenitic phase was measured to be ~17%.

Thus, in accordance with expectations,
the produced microstructure was feasible for
investigation of the d—y transformation. The
relatively high content of both these metastable
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phases within the additive material was likely
attributable to the extremely high cooling
rate, which is intrinsic to the L-PBF process
(~10° K/s).

To provide a preliminary insight into the
phase transformation, the IQ map of the evolved
austenitic phase was examined, as shown in
Fig. 1, b. It is seen that the austenite particles
typically exhibited a relatively dark IQ contrast
(which implied an increased density of defects)
and a lath-shaped morphology. From these
observations, it can be inferred that the phase
transformation was likely governed by the
displacive mechanism, in a good agreement
with the scientific literature [7, 8]. On the
other hand, a minor fraction of the relatively
coarse austenite particles with a bright IQ
contrast was also found (an example is arrowed
in Fig. 1, b). This finding may indicate that
the diffusion processes also contributed to the
0—vy phase transformation, which was also in
accordance with some references [9].



Orientation relationship. To evaluate a
possible orientation relationship between
austenite and O-ferrite, the local orientations
between the austenitic particles and the
neighboring d-ferrite matrix were compared,
as exemplified in Fig. 2. Assuming either
the Kurjumov-Sachs (K-S) {110}, // {lll}y,
<111>; // <110> or Nishiyama—Wasserman (N-
W) {110}, / {111}7, <110>, // <l12> relations
between the phases, the appropriate pole figures
were compared (Fig. 2, a, b). For clarity,
crystallographic directions in the austenite that
are close to the o-ferrite were circled.

It was found that the o/y relationship lay
between the classical K-S and N-W ones.
The revealed uncertainty was attributed to
the limited accuracy of the EBSD technique
in the determination of orientation axes (=5°,

MATED

according to Wilkinson [14]). Given the
relatively small difference between the K-S
and N-W relationships, it is challenging to
distinguish between them without bias when
using EBSD.

To provide a more statistically reliable
insight into the orientation relationship between
the phases, misorientations across the phase
boundaries were measured using the standard
options of EBSD software. Specifically, a
particular orientation relationship can be
expressed in terms of a particular misorientation
[e.g., 15, 16]. Those were systematically
measured and summarized as misorientation-
angle and misorientation-axis distributions
in Fig. 3, a, b, respectively. For clarity, the
particular  orientation  relationships  were
indicated in the distributions.

Fig. 2. Pole figures showing a typical orientation relationship between 6-ferrite and austenite:
a — Kurdjumov—Sachs (K-S) relation and b — Nishiyama—Wasserman (N-W) relation.
In the pole figures, the closest related directions in d-ferrite and austenite are circled.
BD and TD define the building direction and the transverse direction, respectively

Puc. 2. TTomrocHble GUTYPEI, IEMOHCTPUPYIONINE THITHYHOE OPUEHTAIMOHHOE
COOTHOIIICHHE MEXY O-(hEeppPUTOM 1 ayCTEHUTOM:

a — coomnowenue Kypoomosa—3axca (K-3) u b — coomnowenue Huwusamvi—Baccepmana (H-B).
Ha momocHBIX urypax Kpy>KkaMu 0O0BeICHBI Hanbosee OIu3Kne
KpucTayuIorpaduueckue HanpasieHus B O-peppure u aycreanre. BD u TD
0003HAYaI0T HAIPaBJICHNE BHIPAIIMBAHMS U MTONIEPEUHOE HAIPABICHUE COOTBETCTBEHHO
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Fig. 3. Examination of orientation relationship between d-ferrite and austenite
using misorientations across the phase boundaries:
a — misorientation-angle distribution and b — misorientation-axis distribution.
The dotted lines in (a) and arrows in (b) indicate the approximate positions of the Kurdjumov—Sachs (K-S),
Greniger—Trojano (G-T), and Nishiyama—Wasserman (N-W) orientation relationships

Puc. 3. ccrenoBanne OpHEHTAIIIOHHOTO COOTHOIICHUS MKy O-(heppUTOM U ayCTCHUTOM
C HCIIOIb30BaHUEM PA30PUEHTHPOBOK BIOJIb MEK(Da3HBIX IPaHULL
a — pacnpeoenenue y2n08 pazopueHmuposki u b — pacnpedenenue oceti pasopueHmuposKi.
[TyHKTHpHBIC TMHUH Ha (@) U CTpeNKd Ha (b) yKa3bIBaIOT Ha MPHOIU3UTEIBHBIC TIOJIOKCHUS OPHEHTAIIMOHHBIX
cootrHomeHmit KyparomoBa—3axca (K-3), I'penunarepa—Tposao (I'-T) m Hummsamer—Baccepmana (H-B)

It is clear that the measured orientation
relationships varied in the entire range from
the K-S to N-W ones (Fig. 3, a, b), and the
best fit was obtained with an “intermediate”
Greniger—Trojano (G-T) relation (Fig. 3, a).
In martensitic structures, such a ‘“mixed”
orientation relationship is often reported in the
scientific literature, being usually attributed to
a relatively large orientation spread within the
martensitic phase [e.g., 17, 18]. As follows from
the present result (i.e., the austenitic structure),
this phenomenon may also be a characteristic of
the 0— transformation.

Selection of crystallographic variants.
To provide further insight into this phase
transformation, misorientation distribution,
which evolved within the austenitic phase,
was also examined, as shown in Fig. 4, a.
It was found that the characteristics of the
distribution included a significant proportion of
low-angle boundaries as well as a pronounced
crystallographic preference of 60° <I111>
misorientations. Considering the orientation
relationship between the austenite and d-ferrite

54

2026. T. 8, Ne 2(25)

(Fig. 2 and 3), it is reasonable to suggest that
the measured misorientation distribution may
originate (at least partially) from the phase
transformation. Due to the crystal symmetry of
both phases, the multiple austenite variants of
the orientation relationship may form within a
particular parent O-ferrite grain. Accordingly,
the inter-variant boundaries may contribute
to the unusual character of the misorientation
distribution.

The inter-variant misorientations are often
represented as those between the V1 variant and
other variants, as shown in Table 2. Assuming
the K-S orientation relationship between the
O-ferrite and austenite, the area fractions of
the inter-variant boundaries for both examined
materials were determined and summarized
in Fig. 4, b. Because of crystallographic
equivalency of some inter-variant
misorientations (including V3/V5, V9/V19,
V10/V14, V11/V13, V12/V20, V15/V23, and
V18/V22 variant pairs), only 16 independent
misorientations were measured, as indicated
in Fig. 4, b.
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(a) 5°15° . 250-35° it

15°-25° .,
P

a1 101
55°-63° .,

i

Area fraction, %
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(b)
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Area fraction of
intervariant pair boundaries, %

V2 V3 v4a v6 v7 vs V9 V10 V11 V12 v15 V16 v17 V18 V21 V24
V5 V19 V14 V13 V20 V23 V22

Variant paired with variant 1

Fig. 4. Misorientation distribution in austenite (a) and variant-pairing-frequency histogram ()
derived from the austenitic phase assuming the K-S orientation relationship between d-ferrite
and austenite. In (a), misorientation-axis distribution is shown as an insert in the top part
of the figure; arrow indicate an increased fraction of X9 misorientations. In (b), the horizontal broken line represents
the fraction of inter-variant misorientations assuming no variant selection

Puc. 4. Pacnipenenenne pa3opueHTHPOBOK B ayCTEHUTE () U FHCTOrpaMMa 4acToThl 00pa3oBaHus Iap BapuanTtos (),
MOJTy4eHHas JUIsl ayCTEHUTHOW (ha3bl B MPEAIOIOKEHUH OPHEHTAMOHHOTO cooTHOIeHns1 K—3 mexy d-peppurom
n aycrenuroM. Ha (a) pacnpenenenue oceil pa3opHeHTHPOBKH ITOKa3aHO B BHJIE BCTABKH B BEPXHEW 4acTH PHCYHKA;

CTpeJiKa yKa3bIBaeT Ha MMOBBIIICHHYIO JIOIO Pa30pueHTUpoBOK %9. Ha (b) ropu3oHTaNbHAS IITPUXOBAS JTMHUS
COOTBETCTBYET JI0JI€ MEKBAPHAHTHBIX Pa30PUEHTUPOBOK B MPEAIONIOKEHUH OTCYTCTBHUS 0TOOPa BAPHAHTOB

Table 2. Misorientations between austenitic variant V1 and other variants (V2 to V24) for the d— phase transformation

assuming the K-S orientation relationship [19]

Tadnauua 2. Pa3opueHTHPOBKH MEX Ty ayCTCHUTHBIM BapuanToM V1 u npyrumu Bapuantamu (V2—-V24) nns npesparie-
HUS 0—Y B MPEIIION0KEHUN OpUEHTAIIMOHHOTO cooTHowIeHust K—3 [19]

V2 60°T11-1] V10 50.5°[-7-5-5] V18 47.1°[-24:-10;21]
V3 60°[011] Vil 14.9°713;5;1] V19 50.5°[-3;13;10]
V4 10.5°[0-1-1] V12 57.2°[-356] V20 57.2°[36-5]
V5 60°[0-1-1] Vi3 14.9°[5;-13;-1] V21 20.6°[30-1]
V6 49.5°1011] V14 50.5°[-55-7] V22 47.1°[-10;21;24]
V7 49.5°[-1-11] V15 57.2°[-6-25] V23 57.2°[-2-5-6]
V8 10.5°[11-1] V16 20.6°[11;-11;-6] V24 21.1°[9-40]
V9 50.5°[-10;3;-13] V17 51.7°[-11;6;-11]

The measurements revealed a distinct
crystallographic preference for V1/V2 inter-
variant boundaries (Fig. 4, b), i.e., the 60° [11-1]
misorientation (Table 2). This finding suggested
a strong variant selection during the d—y phase
transformation. This phenomenon gave rise to
a distinct crystallographic preference for the

60° <111> misorientations (Fig. 4, a) in the
austenitic phase.

The prevalence of the twin-related
crystallographic variants during austenite
reversion has also been reported by Nakada and
colleagues [20]. This effect has been attributed
to the significant residual stress in the parent
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martensitic phase. Given the extremely high
cooling rate, which is intrinsic to the L-PBF
process, it is highly likely that the d-ferrite in
the present study was also characterized by
considerable residual stress. Therefore, the
concept proposed by Nakada and colleagues
[20] explains well the pronounced variant
selection during the d—v phase transformation,
at least in the present study.

It is also important to emphasize that the
misorientation distribution in the austenitic
phase exhibited an increased fraction
(=3.0%) of 39° <110> (or =9) boundaries
(Fig. 4, a, arrow in the insert). Those could not
be directly associated with the displacive phase
transformation mechanism. On the other hand,
this finding correlates well with the apparently
recrystallized austenite particles revealed in the
microstructure (arrow in Fig. 1, b). Hence, it is
likely that the diffusion-driven mechanisms also
contributed to the 3—y phase transformation.

Summary

1. EBSD analysis revealed a distinct
difference between austenite particles in
morphology  (lath-shaped vs.  equiaxed)
and density of lattice defects. Moreover,
misorientation distribution in the austenitic
phase exhibited an increased fraction of both
the inter-variant boundaries and X9 boundaries.
Based on these observations, it was suggested
that the 8—v phase transformation was governed
by two different mechanisms, i.e., the displacive
and diffusion-driven ones.

2. Statistical analysis showed that the
orientation relationship between the d-ferrite
and austenite varied over a wide range between
the “classical” K-S and N-W relations. This
phenomenon was likely a result of a significant
orientation spread within the phases.

3. The 86—y phase transformation involved
a strict selection of crystallographic variants
with a distinct preference for the twin-related
variants. This effect was explained in terms of
high residual stresses within the parent o-ferrite
phase.
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