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A key feature when using martensitic steels is the proportion of retained austenite present in the final compo-
nent. Martensitic steels manufactured by laser powder-bed fusion (LPBF) have been shown to have more retained
austenite than when conventionally manufactured. The LPBF microstructure is characterised by small grains
containing ultrafine solidification cells (< 1 um). This study shows that the solidification cells can fully suppress
thermal martensite. The retained austenite is highly metastable, and will readily transform to deformation

martensite either in-build from thermal strain or post-build from deformation. This raises concerns around
sample preparation methods causing incorrect phase quantification in LPBF-built martensitic steels.

1. Introduction

17-4 PH is a precipitation-hardened stainless steel, widely used in
both additive and traditional manufacturing. Under conventional pro-
cessing it is martensitic, but the laser powder-bed fusion (LPBF) lit-
erature reports a dual-phase structure of o’-martensite with a sig-
nificant proportion of retained y-austenite. Different studies have
reported a wide variation in the relative phase fractions, even when
using similar build parameters and build environments (Table 1).

Fig. 1 shows an example microstructure from LPBF-built 17-4 PH
[5], which is representative of the hierarchical microstructure observed
in many LPBF-built steels. The microstructure is characterised by small
grains, generally between 10 um-100 um, each containing a forest of
solidification cells. The solidification cells are elongated in the direction
of growth, and typically range from 0.2pm to 2pm in diameter, de-
pending on local solidification rates. The cells are separated by dense
walls of geometrically-necessary dislocations, caused by adjacent cells
having slightly different crystallographic orientations [6].

This definition of grains and solidification cells follows the approach
outlined in [6], where the solidification cells are of the micron length
scale, while grains (up to 200 microns) contain multiple solidification
cells of the same growth direction. This hierarchical structure, with
grains and cells of these characteristic length scales, is observed across a
wide range of additively manufactured steels including 316 L [6,7],
17-4 PH [1,8], H13 [9] and M300 [10,11].

A number of the studies listed in Table 1 attribute the elevated level
of retained austenite to the effect of a reduction in austenite grain size
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suppressing the thermally-induced martensite start temperature [12].
However, they do not explore whether the martensite present is ther-
mally-induced or deformation-driven, and do not consider whether the
controlling length scale in the suppression of thermal martensite is the
grain size or the solidification cell size. The solidification cell size has
been shown to be the controlling length scale in the mechanical per-
formance of LPBF-built steels, specifically for yield strength [6].

Further, much of the literature on LPBF-built 17-4PH reports
quantitative phase analysis from samples which have undergone some
degree of surface preparation. It has been shown that the retained
austenite in additively manufactured 17-4 PH is highly metastable, and
can transform to deformation martensite either as a result of in-situ
thermal strain during the build [5,13] or as a result of post-build de-
formation (e.g. tensile testing, polishing) [4,14]. This places a level of
uncertainty on the quantitative phase analysis summarised in Table 1,
and suggests that the as-built austenite content may be higher than
reported.

This study now considers whether the solidification cell size is the
controlling length scale for the thermally-induced martensite start
temperature, M;, in additively manufactured steels and how this affects
the likelihood of forming thermally-induced or deformation-driven
martensite in the as-built state.

2. Experimental method

The 17-4PH powder used was manufactured by EOS, in the
15 um-45 pm size range, to the chemistry shown in Table 2 [5].
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Table 1
Summary of quantitative phase analysis from LPBF-built samples of 17-4 PH.
a (wt%) y (Wt%) Build Power (W) Speed Layer Hatch
Atmosphere (mm/s) (um) (pm)
[1] 25-50 50-75 Nitrogen 195 800 40 100
[2] 70-75 25-30 Nitrogen 195 600-1200 40 100
[2] 68-76 24-32 Nitrogen 70-195 287-800 40 100
[3] 15 85 Nitrogen 200 1000 20 100
[1] 92 8 Argon 195 800 40 100
[4] 28 72 Argon 200 ——Data not provided
[5] 0-28 72-100 Argon 200 280-738 40 30-90
[3] ~100 = Argon 200 1000 20 100
The M300 (18-Ni300) powder was manufactured by LPW, now Table 2

Carpenter Additive, again to a 15 um-45 pum size range, to the chem-
istry shown in Table 3.

All samples were built on a Renishaw SLM125, using argon as the
build environment. The build parameters are shown in Table 4, and the
builds used a meander scan strategy with 67° rotation between layers.
The samples were cylinders, 10 mm high and 8 mm diameter, and
10mm cubes. After building the samples were removed from the
baseplate by electro-discharge machining (EDM).

The 17-4 PH build did include samples with smaller point spacing
and hatch spacing (higher energy density) than shown in Table 4, but
these are not part of this analysis and results from them are discussed
elsewhere [5,13]. Data from those samples is included in Fig. 3b and c,
but the low energy density sample under consideration here, corre-
sponding to the build parameters above, is circled.

Optical microscopy and scanning electron microscopy (SEM) were
carried out on a mechanically sectioned surface from a cube of 17-4 PH.
The surface was ground and polished, down to 1 pm diamond suspen-
sion, and etched with either Kallings #2 or 2% Nital. This surface
preparation is expected to have caused deformation-driven phase
transformation of retained austenite to martensite, but as this is a dis-
placive transformation the physical arrangement and length scales of
grains and solidification cells should be unaffected. The SEM images for
17-4 PH were taken using a FEI Nova 450 at the University of Sheffield,
operating at 20 kV. The SEM images for M300 were taken using a FEI
InspectF at the University of Sheffield, operating at 10 kV.

Vibrating sample magnetometer (VSM) data for 17-4 PH was gen-
erated from a 1.5 mm thick slice across the top of the cylinder, cut by
EDM. The VSM was a MicroSense Model 10 at the University of
Manchester. All measurements were carried out with the field perpen-
dicular to the build direction. The measurement program and the
method for converting the saturation magnetisation observed in VSM
into a martensite phase fraction (in wt%) are covered in the Appendix.
While the VSM output is information-rich (including saturation mag-
netisation, coercivity etc) it is restricted to small, thin samples (8 mm
diameter, 2mm thickness), is comparatively slow (1-2hours per

17-4 PH powder chemistry measured by AMG Analytical (wt%).

Fe Cr Ni Cu Mn Si Nb C Mo Co S P

Bal 1551 4.56 4.31 0.79 0.71 0.26 0.05 0.09 0.05 0.007 0.014

sample), and cannot easily be used to track martensitic transformation
during mechanical or thermal processing.

For 17-4 PH, Feritscope measurements were taken from slices EDM-
cut from further down the cylinder samples. The Feritscope was a
Fischer Feritscope MP30, and at least 4 measurements were taken on
each sample to generate a mean and standard error. The Feritscope was
calibrated in wt% using a set of standards purchased from Fischer,
covering a range from 0.69wt% to 84.4 wt%, so there was no re-
quirement to convert between Ferrite number and wt%. Feritscope is
only a surface measurement technique, but has the benefit of instant
quantitative readings that can be taken during a trial and there is no
restriction on sample size.

XRD was carried out on the EDM-cut surfaces previously used for
Feritscope measurement, with no further surface preparation, using a
PANalytical X'Pert3 Powder with Cu Ka radiation (not mono-chro-
mated) at a step size of 0.0394° and a time per step of 1120s. Additional
scans were carried out with a time per step of 5000 s.

EDM is judged to be a low deformation cutting technique when
compared with mechanical sectioning. It is acknowledged that it causes
some thermal processing, and results in the formation of a thin
(5 um-10 pm) recast layer [15]. This was observed in the XRD data as a
face-centred cubic (FCC) peak at slightly lower 26 than the bulk aus-
tenite peak, corresponding to a lattice parameter of @ =3.64 A (Ap-
pendix Figure A8). This is consistent with the structure and lattice
parameter expected from a compositional blend between the bulk 17-
4 PH austenite (FCC, a =3.50A [12,16,17]) and the Cu65:Zn35 brass
wire (FCC, a =3.69 A [18]) used for cutting.

XRD is a surface measurement technique; 95% of the data is gen-
erated from the top 2 pm of material [19]. The XRD traces are therefore

Fig. 1. A fully austenitic sample of LPBF-built 17-4 PH [5]. a) Optical image from top surface of sample, scale bar 20 um; b) SEM image from bulk of sample, yellow
lines indicate grain boundaries, red line indicates melt pool boundary, scale bar 40 um; c¢) SEM image of solidification cells, scale bar 10 pm. The build direction is
vertical in all images. Etched with Kallings #2 reagent. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article).



F.S.H.B. Freeman, et al.

Table 3
M300 powder chemistry from Certificate of Conformity (wt%).
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Fe Ni Co Mo Ti Cr Si Mn o Al N C S P

Bal 17.91 9.2 4.8 1.1 0.13 0.04 0.02 0.02 0.1 <0.01 <0.01 0.002 < 0.005
Table 4 [12,20,21]. A relationship between grain size and M; has been estab-
Renishaw SLM125 build parameters. lished for a range of steel compositions, validated for grain sizes in the

Power (W) Exposure (us) Point (um) Speed Layer (um) Hatch (um) rangf: 1 um-500 um. (Eq. 1) [12].'In this, f = 0..01 is the first deteFtable

(mm/s) fraction of martensite, m = 0.05 is the martensite plate aspect ratio and
V, is the volume of the austenite grain in pm?>.
200 100 90 738 40 90

far more strongly affected by the presence of the recast layer than the
VSM measurements, which are taken from a bulk sample. Rietveld re-
finement was attempted on the XRD data, but it was not possible to get
a repeatable convergence. This was attributed to the overlap between
the peaks for the recast layer and the bulk austenite, and the inherent
texture of additively manufactured materials. Instead the XRD data has
been used for phase identification, and for comparative analysis be-
tween the same sample in different preparation conditions.

While Feritscope was used for quantitative phase analysis in the
cooling trial, this was judged acceptable based on comparisons between
Feritscope and VSM data, and the way the data was being used. There is
more detail on this in the results section, where data from the cooling
trial is presented.

The first cooling trial used methanol in a table-top laboratory
chiller. The 17-4PH sample was placed in the methanol bath, and
progressively cooled to — 37 °C. Measurements of wt% martensite were
taken by Feritscope before and during the cooling process, sampling
four different measurement locations at each temperature.

The second trial submerged the sample in liquid nitrogen for at least
1 h. For 17-4 PH, twelve measurements of wt% martensite were taken
by Feritscope at room temperature before cooling, and again when the
sample returned to room temperature after cooling. The sample then
measured by XRD after it had returned to room temperature. For M300
the sample was measured by XRD before and after cooling in liquid
nitrogen.

For 17-4 PH the cooling trials were carried out on 1 mm thick slices,
EDM-cut parallel to the baseplate from a 10 mm cube. For M300 they
were carried out on half-cylinders, made by EDM-cutting along the
cylinder axis. Both of these were judged to have sufficiently small
thermal mass to experience high cooling rates and reach equilibrium
quickly when submerged in liquid nitrogen from room temperature.

3. Prediction of My in 17-4 PH

The effect of austenite grain size on martensite start temperature,
M;, is well known, and has been observed in a range of alloys
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This is based on geometric partitioning analysis describing the re-
lationship between the number of martensite plates per unit volume,
the fraction of martensite, the aspect ratio of the martensite plates and
the size of austenite compartments after being split by a martensite
plate. This was combined with experimental data for the number of
martensite plates per unit volume as a function of temperature, and the
fitting constants were determined from data on M; as a function of grain
size for a range of alloys. The overall relationship is therefore theore-
tically determined, and only the fitting constants are experimentally
determined. The alloys used in the experimental data cover a wide
range of both low-alloy and more richly alloyed steels. Their compo-
sition range covers that of 17-4 PH, except for chromium and copper.

Eq. 1 uses a theoretical large-grain martensite start temperature,
M?, which is defined as the point when martensite becomes thermo-
dynamically possible; when the free energy change VG’ from austenite
to ferrite of the same composition is sufficient to provide the driving
force for nucleation. This critical value, VG*, is itself composition
dependent.

An expression has been published for calculating VG’* from the
atomic fraction X; of each element in the alloy (Eq. 2), but this was
established at an experimentally determined M;, so will itself have been
influenced by the grain size of the samples [22,23].

AGY = 1010 + 4009 X203 + 1879X3° + 1980 Xy + 172Xy + 1418 X5
+ 1868 X3 + 1618 X° + 752 X5 + 714Xy + 1653 Xy

+3097X%° — 352X%° 2

Instead, the M; reported for a sample of 17-4 PH with a known grain
size and chemistry was used to calculate M, with adjustments to ac-
count for the minor compositional differences between that sample and
the alloy used in this study [24]. This is covered in detail in the Ap-
pendix.

This composition-specific M was used to predict the relationship
between austenite grain size, L,, and martensite start temperature for
the exact composition of 17-4 PH used (Fig. 2 a). This relationship was

b ;
= 80 —10pum :
= —50um i
g 1
o 60 i
£ :
L
@ 40
Z
zg 20
8
¢ o

-200 -150 -100 -50 0 50

Temperature (°C)

Fig. 2. a) Prediction of M as a function of austenite grain size; b) Predicted retained austenite volume fraction as a function of temperature for 10 pm and 50 pm
austenite grain sizes. In both cases, dotted lines indicate prediction error, see Appendix for details.
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Fig. 3.a) VSM data for 17-4PH sample
showing majority paramagnetic (austenite)
contribution with only small ferromagnetic
(martensite) contribution [5]; b) Martensite wt
% in 17-4 PH determined from VSM saturation
magnetisation against build energy density; c)
] Comparison of VSM and Feritscope data from
17-4 PH showing good agreement when mar-
tensite phase fraction < 10 wt%, error bars
show standard error across repeat Feritscope
30 measurements [13]; d) XRD data from 17-4 PH
sample showing majority austenite and min-
ority martensite, generated at 1120s per step.

5 9
= ) 20 L
g s
3 g0 ¢
2 =
(=]
©
=4 0

-12500 0 12500 0

Applied Field (Oe)
c 30 ; di o
aVSM [] (111),

= O Feritscope i
o o
Z 20
Iy >
B i
g 10 ; S
5 8 =
=

Lo

0 10 20 30
Normalised Energy Density 40 60

calculated for the range 1 pm-500 um, corresponding to the range over
which Eq. 1 was shown to be valid [12]. The prediction error is gen-
erated from a combination of error in grain size measurement from
[24].

This shows a predicted M; for large grained material (1000 pm)
much lower than that which might be expected, up to only 80°C
compared with the quoted values for 17-4 PH of 105 °C-132 °C [24-26].
This shift is primarily due to the composition of the powder being
considered. The alloy used here (Table 2) had more silicon and nitrogen
than was reported for the comparison alloy [24]. This resulted in an
increased value of AG™ as well as a shift in the free energy curves for
austenite and ferrite.

The predicted M; was combined with the Koistinen-Marburger re-
lationship (Eq. 3) to predict the volume fraction of retained austenite at
room temperature, Trr, as a function of austenite grain size (Fig. 2b)
[26]. The fitting constant @ = 0.02955 is taken from a fit to neutron
diffraction data from 17-4 PH on cooling [24].

I, = exp(a {M; — Trr}) 3)

While this calculates the volume fraction, given that the volume
expansion on transformation from austenite to martensite is only ~ 3%,
this has been taken to be equivalent to weight fraction for this analysis.

From the prediction above, grain sizes in the range 10 um-50 pm, at
the lower end of the characteristic range, would be expected to suppress
M; to 30 °C-50°C, giving 40 vol%-70 vol% retained austenite at room
temperature. This is a conservative approach; if the M; were higher than
this prediction, closer to the values reported in literature, then the ex-
pected phase fraction martensite for a given grain size would be higher.

Comparing this with the data in Table 1, the values appear roughly
consistent with suppression by the grain size, at a controlling length
scale of 10 um-50 um. The main discrepancy is the fully austenitic
structure reported in [5], which would suggest a controlling length
scale closer to that of the solidification cells.

All of the studies in Table 1, with the exception of [5], report
quantitative phase analysis (QPA) measured only from XRD traces and
the majority state that the sample had been mechanically prepared
before measurement (cut, ground, polished). In contrast, the analysis in
[5] used XRD for phase identification, but then based the quantitative
phase analysis on VSM, a bulk technique which would be less affected
by any surface transformation. These results are summarised in Fig. 3,
with the sample under consideration in this study circled in Fig. 3b-c.

2g° 80 100

It has been shown that metastable retained austenite in LPBF-built
17-4PH can transform to deformation martensite [4,5,14]. It is sug-
gested that, for the other samples listed in Table 1, this could have
occurred during the sample preparation, and the fraction austenite in
the as-built state could have been higher than reported.

This would explain the wide range in reported phase fraction aus-
tenite, from samples with similar build conditions, and explain why a
fully austenitic structure was reported in [5] when all other studies
have reported some martensite. Therefore, the apparent correlation
between the reported austenite content in Table 1 and the prediction in
Fig. 2 is not sufficient to confirm that the grain size is the controlling
length scale.

4. Results

Reviewing Fig. 2, if the grain size is the controlling length scale,
then it would be expected that cooling to -30 °C would result in 80 vol
%-90 vol% thermal martensite. Cooling in liquid nitrogen (—196 °C)
would give > 99 vol% thermal martensite. To test this, samples of the
LPBF-built 17-4 PH material were cooled to —37 °C in methanol and to
—196 °C in liquid nitrogen.

In both cases measurements were taken by Feritscope on a surface
cut by EDM. While Feritscope is a surface method, and therefore will be
affected by the recast layer, the measurements are for comparative
analysis, looking for a change in the martensite content as a result of the
cooling process.

Data presented above (Fig. 3c) shows that Feritscope (surface) and
VSM (bulk) measurements from an EDM-cut surface are in good
agreement for low martensite contents, although they diverge at higher
martensite contents, with Feritscope generally measuring lower than
VSV, presumably due to the recast layer. However, if grain size is the
controlling length scale, then sub-zero cooling would be expected to
result in > 50 wt% martensite. The data in Fig. 3c gives confidence that
this would register in the Feritscope reading, even if VSM were then
required to measure a more accurate phase fraction.

In summary, the use of Feritscope in this trial is judged acceptable
due to the comparative nature of the analysis, combined with the ex-
pected magnitude of the martensite phase fraction if grain size were the
controlling length scale.

Before cooling both samples showed an initial level of
(0.38 = 0.01) wt% martensite; the martensite present was attributed
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Fig. 4. a) Effect of sub-zero cooling on martensite phase fraction in LPBF-built 17-4 PH, blue diamonds: Sample 1, martensite wt% on cooling to — 37 °C in methanol,
red circles: Sample 2, martensite wt% on cooling to —196 °C in liquid nitrogen, grey lines: predicted martensite wt% for 10 pm and 50 um austenite grain size (from
Fig. 2d); b) As (a) but with expanded scale and insert showing XRD trace for Sample 2 after cooling. Error bars show standard error. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

to deformation-driven transformation triggered by EDM when re-
moving the sample from the baseplate and cutting the slice. Sample 1
showed no further transformation on cooling to 0 °C. There was a very
slight increase in martensite content on cooling from —30°Cto —37 °C,
up to (0.66 = 0.07) wt%, although this was accompanied by an in-
crease in the standard error and may be within the measurement error
of the Feritscope. Sample 2 showed similar behaviour with a very slight
increase in martensite content, up to (1.37 + 0.18) wt% after 3h at
—196°C.

While both samples showed some martensitic transformation, the
extent was much smaller than the > 80 vol% martensite expected from
grain size limited transformation (Fig. 4a). The XRD trace (Fig. 4b in-
sert) confirmed the Feritscope result, showing small peaks for marten-
site and strong peaks for austenite. As explained earlier, it was not
possible to achieve a good quality Rietveld refinement on the XRD data
for quantitative phase analysis.

To confirm this result, a similar trial was carried out on M300, also
known as 18-Ni300. This has a higher martensite start temperature
(280°C [27]), so would be expected to have a higher proportion of
martensite at room temperature for the same grain size. The literature
on LPBF processed M300 shows that it has the same characteristic
hierarchical microstructure as illustrated above, and on the same length
scale [10,28]. In the as-built condition, the phase fraction of martensite
has been reported to vary between 88.6 % [10] and 94.2 % [28], al-
though this was again from samples which had undergone some surface
preparation before XRD.

Initially, the as-built surface was measured by Feritscope in three
separate locations, with three repeats in each location. This gave a

80
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o
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g &
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As-Built After Cooling Polished

Fig. 5. Effect of sub-zero cooling and surface polishing on martensite phase
fraction in LPBF-built M300.

reading of (50.2 *= 1.5) wt% martensite, which is considerably lower
than that reported in literature [10,28]. The measurement variation is
comparatively high, due to measuring on the rough, as-built surface but
this avoided any influence from the recast layer on an EDM-cut face.
This cannot distinguish between thermally-induced martensite which
had transformed on cooling, or deformation-martensite resulting from
in-situ thermal strain during the build.

If the martensite was thermally-induced, then further cooling would
be expected to drive further transformation, in accordance with the
Koistinen-Marburger relationship (Eq. 3). The sample was cooled in
liquid nitrogen for 2h, returned to room temperature and the mea-
surement was repeated, giving a reading of (51.7 * 1.8) wt% mar-
tensite (Fig. 5). This is within the error from the previous measurement,
indicating that there had been no further transformation.

To test the susceptibility to deformation-driven transformation, the
same sample was then subjected to very gentle polishing with P2500
grit paper, which would be expected to cause some local surface de-
formation. After polishing, the sample was re-measured and the
Feritscope reading had now increased to (71.1 = 0.2) wt% martensite.
This was a significant increase, indicating considerable deformation-
driven transformation had occurred. The reduction in error is due to the
reduced roughness in the measurement surface.

Optical microscopy of the M300 sample showed clear keyhole melt
pools, approximately 100 um-150 ym in depth and 100 um in width
(Fig. 6a). At higher magnification it could be seen that these contained
the expected hierarchical microstructure, with grains ranging from
10 um to 100 pum in length, containing extremely fine solidification cells
(Fig. 6b-c & Appendix Figure A10). These were generally between
0.3pum and 1.3 pm across (Figure Al1). This is consistent with the
microstructure reported elsewhere for LPBF-build M300 [10,11].

5. Discussion

In this work, it is shown that 17-4 PH and M300 produced by LBPF
have comparable microstructures, with micron-scale solidification cells,
and both show complete suppression of thermally-induced martensitic
transformation, even on cooling in liquid nitrogen (—196 °C). Both also
show a deformation-driven transformation in response to either in-situ
or post-build deformation.

If the grain size were the controlling length scale for the thermally-
induced transformation mechanism, then both materials would be ex-
pected to show transformation when cooled in liquid nitrogen. While
the prediction of M for 17-4 PH shown in Fig. 2 cannot necessarily be
extrapolated to length scales below 1 um, it does suggest that the con-
trolling length scale must be of this order of magnitude to get the ob-
served level of thermal martensite suppression. For M300 the
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Fig. 6. Microscopy of M300 sample. a) Optical overview including build surface and bulk material with keyhole melt pools (200 pm scale bar); b) SEM of surface
showing cellular structure (50 um scale bar); ¢) SEM of bulk material showing cellular structure (10 um scale bar). The build direction is vertical in all images. Etched

with 2% Nital.

martensite start temperature should be higher, making it even less
likely that full suppression could be achieved with grain size as the
controlling length scale.

Complete suppression of thermally-induced martensitic transfor-
mation has been reported elsewhere for material with an austenite
grain size of 0.8 um [20], which is comparable with the solidification
cell size. It was shown that, in these ultra-fine grains, the strain energy
associated with multi-variant nucleation was extremely high and
therefore very unlikely, but that single variant transformation required
an unachievable level of undercooling. The result was that thermally
driven martensitic transformation was fully suppressed, even after
cooling in liquid nitrogen.

The importance of solidification cell size on mechanical behaviour
of LPBF-built materials has been demonstrated elsewhere [6]. This
showed that, while the misorientation between the cells was com-
paratively low at only 1-2° [6,29], under tensile testing, the dense
dislocation walls around the solidification cells were sufficiently robust
to strengthen the material in a manner normally attributed to grain
boundaries. Further, it was shown in [6] that there was a strong dis-
location trapping and retention mechanism inside the cell walls.

In this study, it is suggested the solidification cells are the control-
ling length scale for thermally-induced martensite; the dense disloca-
tion walls being sufficiently robust to prevent the displacive martensitic
transformation crossing them. If the dense dislocation walls were not
able to prevent martensite growth, then the controlling length scale
would be the grain size, and there would be thermally-induced trans-
formation on cooling to —196 °C. As this did not happen, the conclu-
sion is that the controlling length scale is the solidification cell size, and
that the dense dislocation walls must be sufficiently robust to stop
thermal martensite.

The microscopy of both 17-4 PH (Fig. 1) and M300 (Fig. 6) samples
show that the solidification cell size is not completely uniform across
the material; it will vary depending on the local solidification condi-
tions. Eq. 4 is an empirical relationship between the cooling rate T and
primary dendrite arm spacing 4; (solidification cell diameter), where a
and n are material dependent constants, determined to be
a = 60-100ms/K and n = 0.2-0.5 for steels [30-32].

A=af™ @

Using Eq. 4, an increase in cooling rate from 10° K/s to 107 K/s
would result in a comparatively small change in solidification cell size,
from 1.4um to 0.3 um. This indicates how characteristic the micron
length scale is for solidification cells in LPBF-built steels, across a wide
range of processing conditions and positions within the melt pool.

The very low level of martensitic transformation seen in the 17-4 PH
sample after cooling below 0 °C (Fig. 4) may be due to limited thermally-
induced martensitic transformation taking place in the larger solidifica-
tion cells, or where the cell walls are slightly less heavily dislocated.

6. Conclusions

A hierarchical microstructure is characteristic of LPBF-built steels,
with grains of 10pum-100pum containing solidification cells of
0.2 ym-2 pm, which are surrounded by dense dislocation walls. These
walls have been shown to have a mechanical strengthening effect
comparable with grain boundaries.

It has been previously shown that it is possible to achieve a fully aus-
tenitic structure in LPBF-built 17-4 PH. Here, it has been demonstrated that
this is stable on cooling in liquid nitrogen, with no thermally-induced
martensitic transformation. Similar results were observed in M300, with
50 wt% martensite in the as-built condition, but no further transformation
on cooling in liquid nitrogen. This indicates that, in both materials, the
thermally-induced transformation mechanism has been suppressed.

Suppression of thermally-induced martensite to this extent is not
consistent with the grain size being the controlling length scale. It is
therefore concluded that the solidification cell size is the controlling
length scale for thermally-induced martensite in LPBF of martensitic
steels, and can actually suppress thermally-induced martensite com-
pletely. This results in an elevated level of retained austenite, which
will readily transform to deformation martensite as a result of either in-
situ thermal strain or post-build processing (e.g. grit-blasting, ma-
chining, sample preparation).

To get accurate phase quantification, it is essential to minimise, or at
least understand the effect of, any post-build deformation or surface
treatments. It may be more appropriate to use bulk measurement tech-
niques (e.g. VSM), measure in the as-built condition without any surface
preparation or use low-deformation techniques such as electro-polishing.

Much of the literature on LPBF-built martensitic steels reports phase
fractions from ground and polished samples, where sample preparation
may have caused the surface to transform, leading to a higher mar-
tensite content being reported. This should be taken into account when
comparing the reported microstructure and mechanical properties. On a
more positive note, this also suggests a method for achieving a spatially
varied microstructure using LPBF to build a majority austenitic com-
ponent, and then mechanically processing the surface to achieve a
harder martensitic outer casing.
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