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H I G H L I G H T S

• A fully austenitic structure was retained
in 17-4PH by using the fine grain size to
completely suppress thermally-driven
martensite

• Strain accrued during the build was
used to trigger and control the extent
of deformation-driven martensitic
transformation

• The effect was shown to be sensitive to
both build parameters and sample ge-
ometry

• A magnetically-graded single-
composition material was built by
tailoring the ratio of ferromagneticmar-
tensite to paramagnetic austenite

• This was exploited to build a magneti-
cally graded rotor which was run in a
synchronous motor
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Spatially resolved functional grading is a key differentiator for additivemanufacturing, achieving a level of control
that could not be realised by conventional methods. Here we use the rapid solidification and thermal strain asso-
ciated with selective laser melting to create an in-situ microstructurally and magnetically graded single-
composition material, exploiting the solid-state austenite-martensite phase transformation. The fine grain sizes
resulting from high cooling rates suppress the thermal martensite start temperature, increasing the proportion
of retained austenite. Then the thermal strain accrued during the build causes in-situ deformation-driven mar-
tensitic transformation. By controlling the thermal strain, through appropriate selection of build parameters
and geometry, we have been able to control the final ratio of austenite to martensite. Fully austenitic regions
are paramagnetic, while dual-phase regions show increasingly ferromagnetic behaviour with an increasing pro-
portion of martensite. We exploit this to build a magnetically graded rotor which we run successfully in a syn-
chronous motor.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

The solid-state transformation from austenite to martensite is ac-
companied by a change in magnetic response from paramagnetic to
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ferromagnetic. This gives scope for building an in-situ magnetically
graded material from a single alloy composition by selectively allowing
or suppressing martensitic transformation.

The martensite start temperature, Ms, of 17-4PH stainless steel is re-
ported to be 105–132 °C [1,2]. Conventionally processed 17-4PH is pri-
marily martensitic at room temperature, with b10 wt% retained
austenite [2,3]. However, 17-4PH built by selective laser melting
(SLM) has been reported to retain a much higher proportion of austen-
ite, up to 80 wt% [4–8]. This has been attributed to rapid solidification
driving fine austenite grain size, which in turn suppresses Ms. [9–11]
This effect has been seen in other techniques with similar rapid solidifi-
cation rates (105–106 K s−1) [12–14], including splat quenching [15],
and melt spinning [16].

Thermal strain is a common issue with additively manufactured
(AM) parts, due to the extreme thermal gradients caused by rapidmelt-
ing and solidification [17]. These can cause distortion of thefinal compo-
nent [18], but could also drive phase transformation in a susceptible
alloy. It has been demonstrated that SLM-built 17-4PH can exhibit
transformation induced plasticity (TRIP), where metastable retained
austenite transformed to martensite under applied deformation [4].

The solidification conditions of SLM-built 17-4PH are expected to
significantly stabilise austenite, potentially to the extent of retaining a
fully austenitic structure. Thermal strain is normally regarded as an un-
desirable aspect of additivelymanufactured components, but, if it can be
controlled through selection of build parameters, it may be possible to
use this to control the extent of deformation-driven martensitic trans-
formation and therefore produce a microstructurally and magnetically
graded single-composition material.

Functional grading is a significant area of interest within additive
manufacture (AM), with studies already demonstrating grading for
composition [19], precipitate density [20], grain size [21] and twinning
[22]. Magnetic grading is an enabling technology for electrical machine
architectures, including switched reluctance motors [23] and internal
permanent magnet machines, but specifically for synchronous reluc-
tance motors [24,25].

Synchronous reluctance motors pass current through stator wind-
ings to set up a rotating magnetic field. The rotor locks into this field
and is pulled round by it at the same speed (synchronous). The rotor

consists of radial shells of ferromagnetic flux guides, separated by insu-
lating (non-magnetic) gaps that constrain the flux within the guides.
The shells require support struts for mechanical integrity, but these
can act as flux leakage paths, reducing efficiency.

The rotors are currently manufactured by punching slices from thin
sheets of ferromagnetic electrical steel which are laminated into a stack.
The support struts holding the shells together are therefore made of the
same ferromagnetic steel, so their width must be minimised to reduce
flux leakage. One alternative is to build rotors by axial lamination but
this is difficult to manufacture [26]. Another option is powder sintering,
usingpowders of two compositions [27]. UsingAM to functionally grade
during build gives the opportunity to achievemagnetic variation from a
single alloy composition with a high level of spatial resolution.

2. Modelling

Steels built by SLM are characterised by an austenite grain size of
10–100 μm,where the grains contain a forest of elongated solidification
cells, 0.5–2 μm in diameter [7,28–30]. These cells are surrounded by
dense dislocation walls which exert their own strain field [31]. The dis-
location walls are geometrically necessary to accommodate the slight
orientation mismatch between adjacent cells [32].The cell size is deter-
mined by the solidification conditions [33–36], so this uniformity of cell
size suggests that solidification conditions are relatively consistent
across a range of build parameters and alloy chemistry.

A relationship has been established between austenite grain size and
Ms for a range of steel compositions [9]. This indicates that a grain size of
b10 μmwould suppressMs below room temperature in 17-4PH, giving a
fully austenitic structure (Appendix A). A grain size of 100 μm would
have a lesser effect, suppressing Ms to around 40 °C, giving a structure
with 80 vol% retained austenite [3].

To predict the thermal behaviour, we modelled the melt pool in
Matlab. The model was based on the Eagar solution for a continuously
moving Gaussian beam [37], modified to apply to a pulsed laser, include
the residual heat from previous hatches and account for the latent heat
of melting within the melt pool. From this we were able to predict the
melt pool geometry and the solidification rate behind the laser beam.

The model was validated against melt tracks built for a range of
power at constant exposure time (100 μs) and point spacing (30 μm).
The melt tracks showed keyhole-mode melting at higher power,
allowing a scaling factor to be determined to predict the melt depth in
keyhole-mode from a conduction-mode model [38,39]. The baseline
conduction-mode absorptivity was taken to be 45%, based on the ab-
sorptivity for 316SS under similar conditions [40].

Eq. (1) describes the relationship between primary dendrite arm
spacing, λ1, and cooling rate, Ṫ, where a and n are material dependent
constants. For steels, a is quoted in the range 60–100 and n between
0.2 and 0.5 [33–35]. This was originally validated for processes with
cooling rates of 10−2

–102 K s−1, and becomes increasingly sensitive to

Table 1

Build parameters.

Build Power Exposure Point Speed Layer Hatch ε* E*

W μs μm mm s−1 μm μm

S1 200 100 30 280 40 30 1.00 23.7
S2 200 100 34 314 40 34 0.84 19.7
S3 200 100 40 364 40 40 0.77 16.3
S4 200 100 52 461 40 52 0.60 11.4
S5 200 100 90 738 40 90 0.33 5.3

Fig. 1. a)Graded cuboidal sample,with 4mmthick slices for each build condition fromhigh energy density (left) to low energy density (right). Scale bar is 4mm. b) Sampleswith different
cross-sectional areas built to S1 (bottom left) and S5 (top right) conditions. Measurements shown in mm.
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experimental error at higher cooling rates so is only used here for guid-
ance [13].

λ1 ¼ a Ṫ
−n

ð1Þ

For the range of build parameters achievable with the Renishaw
SLM125, the melt pool model predicted cooling rates in the range
104–106 K s−1. Even at the lower end of this range, using extremely
high energy density, the melt pool would solidify in a cellular mode
with λ1 ≈ 5 μm. For more normal build conditions (200 W, 1000 m
s−1), the predicted λ1 was only 1 μm, consistent with the diameters re-
ported in the literature.

While this predicts solidification cell size rather than grain size, mar-
tensite growth has been observed to stop at sub-grain boundaries,
where material with similar crystal orientation was separated by
dense dislocationwalls [41]. This structure is comparablewith the solid-
ification cells, indicating that they can also play a role in suppressing
transformation. A solidification cell size of b5 μm would suppress Ms

below room temperature and give a fully austenitic structure.
There is the potential for coarsening driven by in-situ heat treatment

from the laser passing on subsequent hatches and layers [42,43]. The
model predicted this heat treatment to be equivalent to b18 s at 800
°C for the highest energy density (S1) condition, and shorter for all
other conditions. For comparison, heat treatment of SLM-built 316L at
800 °C for 6 min showed only a slight reduction in dislocation density
around the solidification cells, and no cell coarsening [28]. It was there-
fore judged unlikely that in-situ heat treatment would modify the grain
and cell size sufficiently to change the extent of thermally-driven
transformation.

The model was then used to predict the potential for thermal strain,
using the dimensionless thermal deformation parameter [44], ε*. This is
shown in Eq. (2) in a simplified form for a fixed material, assuming de-
position time to be determined by the average scan speed v, hatch spac-
ing h and sample area A. The other parameters are laser power Q, melt
pool length w and second moment of inertia of the substrate I.

ε� ¼
A w

I h

Q

v

� �3=2

ð2Þ

The results showed that, for a fixed geometry, it was possible to vary
the strain parameter by over 500× by changing the build parameters.
However, ε* is a normalised parameter, so without calibration it was
not possible to assess whether this would be sufficient variation to
give a measurable change in martensite phase fraction.

3. Experimental method

Two series of builds were designed, one covering a range of energy
density, E*, at fixed geometry (Table 1) and the other covering a range
of geometries at fixed energy density. The chemical composition of

the 17-4PH powder is available in Supplementary Table 1. SEM images
of the powder and the particle size distribution are available in Supple-
mentary Fig. 1.

All samples were built using a Renishaw SLM125 under argon. Sam-
ples were built using a meander scan strategy with 67° rotation be-
tween layers. The samples were removed from the baseplate using
electro-discharge machining (EDM) to minimise unintended
deformation.

A set of cylinders (8 mm φ × 10 mm height) were built for each of
the S1–S5 conditions for individual characterisation. A graded cuboid
was built from 4mmwide blocks of each condition ordered in decreas-
ing energy density, with grading in the build plane so the different con-
ditions were built simultaneously (Fig. 1a). To improve bonding
between the interfaces, the stereolithography (STL) files for each indi-
vidual condition were overlapped by 0.1 mm.

The S1 and S5 conditions were also used to build a set of samples
with different cross-sectional areas in the build plane (Fig. 1b). All sam-
pleswere 15mm in height, and 10mm inwidth, but ranged from2mm
to 20mm in length. These sampleswere EDMwire-cut into slices, 1mm
in thickness, working from the top surface towards the baseplate.

A handheld magnet was used to test the graded sample before re-
moval from the baseplate. This was intended for qualitative assessment
of the true as-built condition, in case of unintended deformation during
removal.

Magnetic characterisation was carried out on 1.5 mm thick discs cut
by EDM from the top of the cylindrical samples of each condition from
Table 1. The vibrating sample magnetometer (VSM) was a MicroSense
Model 10 at the University of Manchester. The results were normalised
against the sample mass. All measurements were carried out with the
field perpendicular to the build direction. The measurement program
is detailed in Supplementary Table 2.

Feritscope measurements were made using a Fischer Feritscope
MP30 at PTS (TQM) Ltd. Measurements were made on 2 mm thick

Fig. 2.Magnetic characterisation. (a) VSM hysteresis loops for Square Series with inset of individual data for low energy density (S5) sample. (b) Phase fraction martensite determined
from VSM saturation magnetisation for Square, Hatch and Point Series. Error bars show standard error.

Fig. 3. Feritscopemeasurements from high energy density (S1) samples of different cross-
sections showing increasing martensite content with distance from the build plate, total
height 15 mm. Error bars show standard error.
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discs cut from the cylinders, below the discs used for VSM. Four mea-
surements were taken and averaged for each of the samples. Measure-
ments were also taken from all of the slices of the samples with
different cross-sectional area (Fig. 1b).

X-ray diffraction (XRD)was carried out on the discs previously used
for Feritscope measurement, using a PANalytical X'Pert3 Powder with
Cu Kα radiation at a step size of 0.0394° and 5000 s per step. Data
from sections corresponding to the four major austenite peaks were
deconvoluted in Origin using the ‘Peak Analyzer’ approach, with either
a Gaussian or Gauss-Lorentz curve fitting (Supplementary Fig. 2). The
peak positions were used to calculate average lattice parameters (Sup-
plementary Fig. 3).

Scanning electron microscopy (SEM) was carried out on a FEI Nova
FEGSEM at the University of Sheffield, operating at 20 kV. The images
were taken from a vertical section (perpendicular to the build plane)
through the graded cuboid. The sample was ground and polished,
then etched with Kallings #2 reagent.

4. Results

4.1. Graded sample

Using a handheld magnet, we found that the cuboidal sample
manufactured with graduated 4 mm thick slices of the five conditions
(Fig. 1a) successfully demonstrated an in-situ magnetically graded re-
sponse, from magnetic (ferromagnetic) at the high energy density
(S1) end to non-magnetic (paramagnetic) at the low energy density
(S5) end. This was confirmed both before and after removal from the
baseplate.

4.2. Magnetic characterisation - VSM

The high energy density sample (S1) showed a soft ferromagnetic
response with some paramagnetic material contribution evident at

high applied field (Fig. 2a). The intermediate conditions showed de-
creasing ferromagnetic behaviour with decreasing energy density. For
the low energy density (S5) condition the behaviourwasmajority para-
magnetic, with only a small ferromagnetic contribution (Fig. 2a inset).
The individual hysteresis loops are shown in Supplementary Fig. 4.

We selected the saturationmagnetisation,ms, to assessmagnetic be-
haviour because it is a structure independent characteristic, unaffected
by porosity or dislocations, and follows a rule-of-mixtures from the
values for the individual phases present [45]. Assuming a two-phase
structure and given that austenite is paramagnetic and that martensite
is ferromagnetic with saturation magnetisation msα′, the fraction of
martensite fα′ and austenite fγ are given by Eqs. (3) and (4) [45].

f α0 ¼
ms

msα0

ð3Þ

f γ ¼ 1− f α0 ð4Þ

The saturation magnetisation of fully martensitic low sulphur 17-
4PH is 162.4 emu g−1 [46]. We used emu g−1 throughout because it
was consistent with wt% and avoided porosity corrections.

Our analysis showed the high energy density (S1) sample contained
29wt%martensite and 71wt% austenite (Fig. 2b).With reducing energy
density, the proportion of martensite reduced and that of austenite in-
creased. The low energy density sample (S5) contained N99.5 wt% aus-
tenite and b0.5 wt% martensite. Additional scans of the S1 sample
showed repeatability within 1 wt%.

4.3. Magnetic characterisation - Feritscope

Feritscopemeasurements were used to give spatially resolved phase
information for the samples with different cross sections (Fig. 1b). For
the high energy density (S1) condition, all geometries showedmartens-
ite content increasing with distance from the baseplate (Fig. 3).

Fig. 4. Feritscope measurements from high energy density (S1) samples of different cross-sections showing variation in martensite content across each slice for each geometry.

Fig. 5. Phase identification from XRD. A) XRD traces for all build conditions with main austenite and martensite peaks indicated. b) Detail of two austenite phases for (311) reflection.
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Different samples had different levels of martensite, possibly influenced
by both sample area and aspect ratio and their relative effects on depo-
sition time and sample rigidity (secondmoment of inertia). The low en-
ergy density (S5) samples all showed a fully austenitic structure
throughout the build.

The data for the high energy density (S1) condition also showed var-
iation across each geometry, with one side showing a generally higher
martensite content (Fig. 4).

4.4. Phase identification

XRD confirmed that all samples had a dual phasemartensite/austen-
ite structure (Fig. 5a). The traces showed a double austenite peak indi-
cating that two different austenite phases (γ1 and γ2) were present
(Fig. 5b). Thematerial showed crystallographic texture, sowas not suit-
able for Rietveld analysis. Instead, we deconvoluted sections of the data
in Origin to extract the peak positions and areas for the two austenite
phases independently (Supplementary Fig. 2).

Assumingγ1 andγ2 to have the same structure factor, the peak areas
were used to determine the relative fraction of the two austenite
phases. This was combined with the VSM data for the phase fraction
of martensite, to show that the fraction of was γ2 constant with increas-
ing energy density, while that of γ1 decreased and α′-martensite in-
creased (Fig. 6a).

Using thepeakpositions,wewere able to calculate the lattice param-
eters for the two austenite phases (Supplementary Fig. 3). The lattice pa-
rameter for the γ1 phase (3.60 Å) correspondedwell with that expected

from the bulk composition, while that for the γ2 phase (3.64 Å) was
shifted by about 1%, and the shift was constant across the range of en-
ergy densities.

The XRD data shown in Fig. 5was carried out on the EDMcut surface
without polishing or other preparation. This was done to avoid addi-
tional martensitic transformation caused by deformation during surface
preparation. One sample was then manual polished and re-scanned
(Fig. 6b), and polishing was seen to completely remove the γ2 reflec-
tions, with an associated increase in intensity of the martensite peaks.

4.5. Microstructure

Examination by SEM showed comparable microstructures across all
build conditions, with a forest of solidification cells ranging from 0.5 μm
to 2 μm(Fig. 7). Therewas no trend in solidification cell sizewith energy
density. Further, the SEM also showed all samples to have grains be-
tween 10 μm and 20 μm (Fig. 8). Additional SEM images showed no
trend in grain size or solidification cell size with depth through the sam-
ple in the build direction (Supplementary Fig. 5).

4.6. Synchronous motor

The synchronous rotorwasdesigned to replace the rotor fromanoff-
the-shelf TEC 0.12 kW 4 pole 3 phase AV induction motor, model
56M4C-TECA. It was built in three 15 mm high sections, using the
high energy density (S1) condition for ferromagnetic flux guides and
low energy density (S5) condition for the paramagnetic struts

Fig. 6. Investigation of γ1 and γ2. a) Quantitative phase analysis showing relative phase fractions of two austenite phases andmartensite phasewith energy density. b) XRD showing effect
of manual polishing (sample preparation) on intensity of austenite and martensite peaks.

Fig. 7. SEM of all build conditions showing solidification cells. Build direction is vertical. Scale bar is 10 μm.
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(Fig. 9a). Due to the complexity of the geometry, the STL files for the in-
dividual conditionswere not overlapped as they had been for the cuboi-
dal graded samples.

The rotor showed slight cracking at the interfaces between the dif-
ferent build conditions, which precluded high-speed testing. The cracks
were filled with resin, and then the rotor was mounted on a shaft with
rolling element bearings and assembled into the motor (Fig. 9b). After
tuning themotor drive, it was run at 100, 200, 300 and 400 rpm. Current
probes were attached to measure the pulse width modulated (PWM)
supply from the drive electronics (Fig. 9c). While not an optimised de-
sign, the machine performed as expected at low speeds.

5. Discussion

The primary aim of this study was to create an in-situ magnetically
graded microstructure by suppressing thermally-driven martensitic
transformation, then triggering and controlling the extent of
deformation-driven martensitic transformation by controlling thermal
strain.

Melt poolmodelling predicted that the full range of SLMbuild condi-
tions would have solidification rates in the range 104–106 K s−1,
resulting in cellular solidification with λ1 b 5 μm. This was confirmed
by the experimental microstructures observed by SEM even at very
high energy density (Fig. 7). It is also consistent with the microstruc-
tures reported for SLM-built 17-4PH and other steels [7,29,47]. In addi-
tion to the fine cell size, all build conditions showed comparable grain
sizes of 10–20 μm,with noobservable trend in grain sizewith increasing
energy density (Fig. 8).

The model also predicted that any in-situ heat treatment caused by
the addition of subsequent hatches and layers would be too short to
cause coarsening of this structure. This was confirmed by SEM images

through the depth which showed no coarsening of the solidification
cells even in the highest energy density condition (Supplementary
Fig. 5).

It had been predicted that, in the absence of a secondary driving
force (e.g. strain), the grain and solidification cell size of SLM-built 17-
4PHwould be sufficientlyfine to suppress thermally-activatedmartens-
ite and give a fully metastable austenite structure at room temperature.
The role of solidification cells in suppressing thermal Ms was based on
literature reporting martensite growth being stopped by dense disloca-
tion walls comparable with the cell boundaries.

The low energy density (S5) condition was predicted to have the
lowest thermal strain, and was therefore likely to have the highest
levels of retained austenite. This was confirmed by VSM to have
b0.5 wt% martensite in the as-built condition, and have a paramagnetic
response to an applied field (Fig. 2). Separately, the XRD showed a ma-
jority austenitic structure with very low martensite intensity (Fig. 5).
This demonstrated that a grain size of 10–20 μm, combinedwith a solid-
ification cell size below 2 μm, was capable of fully suppressing the
thermally-driven martensitic transformation in this composition of
17-4PH.

To achieve a magnetically graded material it was also necessary to
create material with a controllable proportion of ferromagnetic mar-
tensite. All build conditions were predicted to have comparable solidifi-
cation cell sizes, so thermalmartensite would be suppressed in all cases.
Increasing energy densitywas predicted to cause an increase in thermal
strain, although without calibration it was not possible to predict if it
would be sufficient to drive controllable martensitic transformation
through TRIP.

The experimental data showed the high energy density condition to
have 29% ferromagnetic martensite, indicating that the magnitude of
thermal strain had been sufficient to trigger transformation. Further,

Fig. 8. SEMof high energy density (S1) and low energy density (S5) build conditions showing comparable grain sizes. A fewgrains are highlighted in yellow for clarity. The edge of themelt
pool is highlighted in red. Build direction is vertical. Scale bar is 40 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 9. Synchronous motor application. a) Schematic of rotor design showing flux guides and support struts. b) SLM-built, magnetically graded rotor built into demonstrator motor.
c) Output measured from demonstrator motor at 400 rpm.
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the intermediate conditions showed increasing martensite with in-
creasing thermal strain (Fig. 10), confirming that variation in thermal
strain achieved by changingbuild parameterswas capable of controlling
the extent of transformation.

In addition to the effect of energy density, the thermal strain param-
eter predicted that sample geometry would influence thermal strain
through a combination of the deposition time (dependent on surface
area and sample height) and the rigidity of the sample. If themartensite
was deformation-driven, there should be a correlating change in mar-
tensite content with geometry and build height. Whereas, if it was
thermally-driven, transforming on cooling after solidification, samples
with the same build parameters would be expected to have consistent
phase fraction, and there should be no variation with build height.

There is literature showing that thermal strain in additively
manufactured samples increases with distance from the baseplate
[13,17]. Feritscope data showed martensite content for all high energy
density (S1) samples increasing from 0 wt% to 30 wt% with increasing
distance from the build plate in the S1 sample (Fig. 3). This pattern in
martensite content, correlating with the pattern of thermal strain in
AM components, is further evidence that the martensite has been trig-
gered by deformation.

The change in martensite content with height was steepest through
the first 5 mm, with one sample ‘2 × 10’ saturating at 30 wt% after
10mm, while the others still increased but more slowly. This can be ex-
plained by the baseplate increasing rigidity for the early layers, resisting
deformation. As the build surface moves upwards, the baseplate has a
reduced effect, so thermal strain increases. After a certain number of
layers, the baseplate no longer influences rigidity because the melt
pool is too far away.

Each geometry sample also showed different levels of martensite,
which would not be expected were the martensite thermally driven
on cooling after solidification. There was an indication that sample
area and aspect ratio were both important, with the ‘20 × 10’ and ‘10
× 5’ samples showing similar trends in martensite content with build
height, while the ‘10 × 10’ sample showed a much slower increase. A
larger sample area would have a longer deposition time and therefore
more heat input, which would be expected to increase thermal strain,
but would be more rigid so better able to resist deformation.

The graded cuboid (Fig. 1a), manufactured from blocks of each en-
ergy density condition build concurrently, showed a magnetically
graded response to a handheldmagnet. This demonstrated that the con-
ditions, shown to have differentmagnetic responseswhen built individ-
ually, could be successfully combined to create an in-situ graded
structure. The high and low energy density build conditions were then
used to create an SLM-built, magnetically graded rotor, which was suc-
cessfully tested in a demonstrator motor.

An unexpected observation was the split austenite peaks observed
in the XRD data (Fig. 5). This is currently under investigation, but it is

believed thismay be due to carbon partitioning from the supersaturated
martensite in a similar manner to that observed with bainitic ferrite
[48,49].

6. Conclusions

• For 17-4PH, the rapid solidification associatedwith SLMdrives a char-
acteristic microstructure of small grains (10–20 μm) containing elon-
gated solidification cells, b2 μm in diameter. This was shown to be
consistent both with changing energy density and through sample
depth.

• At low energy density, in the absence of thermal strain, this micro-
structure was sufficiently fine to suppress the thermally-driven mar-
tensitic transformation in this composition of 17-4PH, resulting in a
paramagnetic, fully austenitic material.

• At higher energy density, while the microstructure still suppressed
thermal martensite, the increased thermal strain was sufficient to
trigger deformation martensite. The martensite phase fraction was
shown to increase with increasing thermal strain.

• The martensite content was also shown to be dependent on the in-
crease of thermal strain with build height, and the effect of compo-
nent geometry.

• This effect was exploited to build an in-situ magnetically graded cu-
boidal sample, and a magnetically graded motor which was run in a
demonstrator motor.
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Appendix A. Relationship between prior austenite grain size and

martensite start temperature [9]

∆Ms ¼
1
b

ln ½ 1
a Vγ

f expð− ln ð 1− f Þ
m Þ−1 g þ 1�

∆Ms Change in martensite start temperature
Lγ Diameter of austenite grain μm
Vγ Volume of austenite grain 4

3 π ðLγ
�

2Þ
3 μm3

m Aspect ratio of martensite plate 0.05
f Fraction martensite 0.01
a Constant 1.57 × 10−21 μm3

b Constant 0.253

Fig. 11. Relationship between prior austenite grain size and suppression of thermally-
driven martensite start temperature.

Appendix B. . Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2018.11.011.
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