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Introduction
Various in-situ methods can track real-
time heat treatment response in bulk 
materials. This can aid material engineers 
in designing the most effective heat 
treatment procedures and processing 
methods. In-situ methods such as ther-
mogravimetry (TG), differential thermal 
analysis (DTA), and dilatometry, offer 
capabilities to examine heat treatment 
behavior in real time, giving insight into 
the thermochemical mechanisms and 
the thermal behavior of steel. 

This  contr ibut ion speci f ica l l y 
addresses different martensitic (stain-
less) steel where in-situ control during 
heat treatment and detailed understand-
ing of their microstructure can pave the 
way for new applications. The examples 
presented are 1) heat treatment behav-
ior of different classes of high carbon 
martensitic (stainless) steel powder for 
additive manufacturing application, i.e., 
stainless 440C, cold-work D2, hot work 
H13, and high speed steel (HSS) T15, 
2) nitrogen alloying of wrought mar-
tensitic stainless steel AISI 420, and 3) 
heat treatment response of additively 
manufactured and conventional pre-
cipitation hardening maraging stainless 
steel 17-4PH. This work is not an in-
depth treatise of these individual top-
ics but is intended to show the impor-
tance of in-situ techniques for develop-
ment of new materials (solutions). The 

individual topics are briefly introduced 
in the following.

High Carbon Steel Powders 
for Additive Manufacturing
Additive manufacturing (AM) is gaining 
popularity and experiencing rapid tech-
nological advancements. Recently, there 
has been a significant focus on the appli-
cation of high-carbon steels (Ref. 1). AM 
methods, such as laser powder bed fusion 
(LPBF), binder jetting (BJ), and spray 
forming, offer several benefits, including 
the attainment of uniform microstruc-
tures which offer superior mechanical 
properties compared to conventionally 
manufactured metals. Currently, several 
specialized high-carbon powders are 
now commercially available for AM. 
For a successful adoption of high carbon 
steels for AM, more knowledge on the 
fundamental thermal behavior related 
to the processing is needed. To this end, 
powders and in-situ techniques are an 
excellent foundation for investigating 
heat-treating characteristics.

440C stainless steel (440C) is a high-
carbon martensitic stainless steel known 
for its high hardness, wear resistance, 
and moderate corrosion resistance. 
According to Bang et al. (Ref. 2), LPBF 
addresses the limited industrial applica-
tions caused by 440C’s high hardness 
and low workability, while also improv-
ing overall mechanical properties such 

as ultimate tensile strength (UTS) and 
yield strength (YS) (Refs. 4,5).

D2 cold-work steel (D2) is distin-
guished by its superior hardness, high 
strength, and excellent wear resistance, 
making it widely used in industrial 
applications like cutting and punch-
ing tools, as well as dies. This mate-
rial is well-suited for AM techniques, 
particularly direct energy deposition 
(DED) (Ref. 5). H13 hot-work tool 
steel (H13), typically utilized in a 
quenched and tempered state, features 
a martensitic matrix with dispersed 
fine secondary carbides. Known for its 
high hardness and fracture toughness, 
H13 also offers excellent wear and ero-
sion resistance, along with relatively 
high resistance to thermal shock and 
thermal fatigue. As noted by Park et 
al. (Ref. 5), metal deposited via the 
DED process exhibits different prop-
erties compared to wrought metal due 
to the rapid solidification rate and the 
high thermal gradient between the 
deposited metal and the substrate. The 
microstructure of deposited D2 and 
H13 has been shown to be highly uni-
form, with the hardness of deposited 
D2 comparable to conventional mar-
tensitic high-carbon stainless steel, and 
the hardness of deposited H13 exceed-
ing that of wrought H13.

T15 high-speed steel (T15) is well 
known for its high hardness and 
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excellent wear resistance at elevated tem-
peratures, attributed to its significant car-
bon and tungsten content, making it an 
ideal material for cutting tools, drills, 
blades, and knives. According to Zhang 
et al. the spray-formed T15 steel exhibits 
higher hardness, significantly enhancing 
its overall mechanical properties (Ref. 6). 
This increase in hardness is a crucial fac-
tor contributing to the superior mechani-
cal performance of T15 steel in various 
applications (Refs. 8–11).

Nitrogen Alloying to 
Martensitic Stainless Steel; 
High Temperature Solution 
Nitriding
Adding nitrogen to stainless steel may 
be beneficial to the bulk properties of the 
material, such as increased surface hard-
ness and optimized microstructures that 
retain the corrosion resistance. Nitrogen 
can be added in the liquid phase during 
fabrication of the steel, but this is usually 
an expensive and cumbersome process as 
it requires high N2 pressures and there is 
the risk of formation of nitrides during 
cooling and subsequent processing. An 
alternative is “High Temperature Solu-
tion Nitriding” (HTSN), where nitrogen 
is introduced from the gas phase to the 
solid state—a process which is highly 
analogous to classical carburizing of 
non-stainless steels. Nitrogen is typically 
added to stainless steels at temperatures 
ranging from 1,050–1,150°C and using 
pressures of N2 ranging from 0.1 to 3 
bar (Refs. 11,12). The process entails gas 
quenching in N2 to suppress formation 
of chromium nitrides. The entire process 
is carried out in a clean environment and 
will provide improved corrosion resis-
tance, higher hardness and wear resis-
tance and enhanced fatigue performance. 

The process is particularly interesting for 
martensitic stainless steels but can also 
be applied to austenitic and duplex stain-
less steels. Depending on a wide variety 
of process conditions, some being the 
alloy content, nitrogen pressure and the 
subsequent cooling rate, the resulting 
final microstructure can vary quite sig-
nificantly. Additionally, the total amount 
of nitrogen taken up by the material will 
also impact the final microstructure, for 
example the phases developed (viz. mar-
tensite) and the morphology of martens-
ite (Ref. 13). Adding nitrogen through 
HTSN to martensitic steels can come 
at a cost. Since nitrogen itself is a strong 
austenite stabilizer, this can produce 
higher amounts of retained austenite fol-
lowing quenching, which many times are 
undesirable (Refs. 14,15).

The complexity of diverse alloying ele-
ments and process conditions means that 
process optimization can be tedious and 
require many iterations. The interplay 
between retained austenite and solution 
hardening associated with martensitic 
stainless steels is considered through the 
analysis of sample microstructures of the 
investigated materials. In-situ methods 
offer the benefit of completing lab scale 
iterations, achieving fast results in a clean 
and controlled environment. As men-
tioned previously, the HTSN treatment 
can produce “case-hardening-like” results. 
The discussed in-situ techniques can be 
applied to other traditional gaseous case 
hardening processes such as carburizing 
of steels, where similar uptake behavior 
is present.

17-4 Precipitation Hardening 
Steel
Precipitation hardening (PH) steels, 
such as 17-4PH, are martensitic stain-

less steels that harden through forming 
precipitates during an aging treatment. 
The standard heat treatment for 17-4PH 
for peak hardness is the 900H treatment, 
involving a solution treatment around 
1040°C, quench, then age around 480°C 
(≈900°F) for one hour (Ref. 16). 17-4PH 
primarily forms Cu precipitates in the 
martensite phase, so when the quenching 
fails to complete the martensite transfor-
mation, retained austenite will limit the 
hardness of the final material (Ref. 17).

In AM, LPBF 17-4PH can have a 
primarily austenitic structure due to N2 

gas-atomized powders and N2 cover gas 
used during processing. In addition to 
the austenite stabilizing effects of nitro-
gen, LPBF 17-4PH tends to have a cel-
lular or dendritic structure associated 
with microsegregation of the alloying 
elements. This further suppresses the 
martensite transformation, leading to a 
primarily austenitic microstructure after 
heat treatment.

Like other AM metals, the unique 
composition and microstructure of 
LPBF 17-4PH requires a modified heat 
treatment to achieve the desired mate-
rial properties. Other studies have found 
success in lowering the solutionizing 
temperature (Ref. 17), extending the 
aging time (Ref. 18), or incorporating 
sub-zero Celsius treatments (Ref. 19).

Experimental 
Procedures

Materials
The high carbon steel powders inves-
tigated were delivered from Asgaard 
Metals and were overspray from spray 
forming of ingots. The compositions, as 
provided by the supplier, are given in 
Table 1.

AISI Fe C Cr Mn Si Mo Co V P Ni Cu S W

SS440C Bal. 1.1 17 1 1 0.75 - - 0.03 0.3 0.25 0.03 -

D2 Bal. 1.4-1.6 11-13 0.6 0.6 0.7-1.2 1 1.1 0.03 0.3 0.25 0.03 -

H13 Bal. 0.32-
0.45

4.75-
5.75

0.35-0.6 0.8-1.2 1.1-1.75 - 0.8-1.2 0.03 0.3 0.25 0.03 -

T15 Bal. 1.5-1.6 3.75-5 0.15-0.4 0.15-0.4 1 4.75-
5.25

4.75-
5.25

0.03 0.3 0.25 0.03 11.75-
13

Table 1—Steel powder composition in wt% (as-received).
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Rods of AISI 420 stainless steel 
with the diameter of 12.7 mm from 
McMaster-Carr were used. The material 
was received in the hot rolled and cold 
annealed state. The composition as pro-
vided by the supplier is listed in Table 2. 
The rod was cut using a precision saw 
into a 5 mm thick disk to be used for 
thermogravimetric measurements.

Wrought 17-4PH samples, 5 mm diam-
eter rods supplied from McMaster-Carr 
in a cold-worked, solutionized and unaged 
state were used. LPBF samples were pro-
duced by GKN using their nitrogen gas-
atomized ANCOR AM 17-4PH pow-
der. The composition of 17-4 rods and 
powder is given in Table 3. The LPBF 
set was made using standard parame-
ters with an N2 cover gas. For dilatom-
etry, rods of 10 mm length and 5.5 mm in 
diameter were machined with the long axis 
parallel to the building direction. The rods 
were then cut into bars of 10 mm in length. 

Thermal Gravimetry (TG) and 
Differential Thermal Analysis 
(DTA)
Both TG and DTA results were obtained 
using the Netzsch STA 449 F3 Thermal 
analyzer. For TG analysis of AISI 420, a 
2.9 g round bottom alumina crucible was 

utilized. The sample was positioned with 
one flat side facing upwards. This crucible 
was measured as having a 15.75 mm inter-
nal diameter. Samples of high carbon stain-
less steel powders were poured into flat-
bottom alumina crucibles with an internal 
diameter of 6.00 mm and an internal depth 
of 3.75 mm. The flat bottom crucibles were 
filled around three-quarters of their maxi-
mum capacity. Immediately following the 
purge cycle of inert gas, these crucible sam-
ples were placed onto the sample holder in 
the furnace compartment. For each ther-
mal analysis, the furnace chamber and bal-
ance system were put under vacuum and 
then backfilled with argon or nitrogen. The 
furnace chamber was then heated accord-
ing to the specific temperature program 
set. The main parameters set can be seen 
in Table 4. The nature of the performed 
experiments is indicated in the table.

Dilatometry
Dilatometer tests were run on the TA 
Instruments DIL805 following the 
peak hardening treatment for 17-4PH. 
Under vacuum, 1,037°C for 3 h, fol-
lowed by a quench to room tempera-
ture in He gas at a rate of -33.6°K/s. 
It is then aged at 482°C for 1 h under 
vacuum and then quenched.

Metallography
Samples were cut using a Buehler IsoMet 
High Speed Pro precision saw to obtain 
cross sections for examination. Blades were 
chosen to fit the specific material being cut. 
Each sample was mounted in a Buehler 
Simplimet 4000 mounting system, using 
Buehler PhenoCure compression mount-
ing compound. All mounted samples were 
polished on the Buehler AutoMet 250 
according to Buehler’s standard 4-step 
method for stainless and maraging steel 
polishing. Samples were then etched 
using Kalling’s reagent, which consists of 
33 percent hydrochloric acid, 33 percent 
ethanol, 33 percent deionized water, and 
1 percent cupric chloride dihydrate. The 
samples were swabbed for approximately 
5 seconds, terminated with deionized 
water, and cleaned using ethanol. Micro-
graphs were obtained using a Nikon Epi-
phot 200 Microscope. Vickers hardness 
tests were completed using the Wilson 
VH3300 automated hardness tester using 
a load of 0.5 kg, and a 10 s dwell time.

X-Ray Diffraction (XRD)
XRD analysis using a PANalytical 
Empryrean x-ray diffractometer. For 
17-4PH Cr K-a radiation with wave-
length 2.28976 A was applied. For the 

Fe C Si Mn Cr Mo Cu Ni Al P S Sn 

Bal. 0.31 0.44 0.68 12.66 0.04 0.10 0.25 0.004 0.017 0.026 0.006

Table 2—AISI 420 composition in wt% (as-received).

Fe Cr Ni Cu Mn Si Nb C S N

Wrought Bal. 15.20 4.28 3.66 0.92 0.39 0.26 0.04 0.021 0.027 

Powder Bal. 16.5 4.5 3.9 0.4 0.3 0.3 0.01 (max.) 0.02 (max.) 0.05 (max.)

Table 3—Composition of wrought 17-4PH in wt% as provided by the producer and the nominal composition (unless noted as a maximum) of the 
powder used to produce the LPBF samples. Values for powder composition are reproduced from Ref. 16.

Material Atmosphere (gas, 
partial pressure)

Type/purpose of 
experiment 

Heating Rate (°C/
min)

Isothermal Hold 
Temperature (°C)

Isothermal Hold Time 
(HH:MM)

Cooling Rate (°C/
min)

SS440C, D2, H13, 
T15

Ar,70ml/min Isochronal heating/
cooling; thermal 

behavior

10 1150 10:00 10

SS420 N2,50ml/min Gradient of nitrogen 
by high temperature 

solution nitriding 
(isothermal) 

20 1100 10:00 20

Wrought 17-4PH N2,92ml/min,Ar,8 
ml/min: 5 h 

N2,5.5ml/min,Ar86 
ml/min: 13 h

Synthesis; controlled 
addition of nitrogen 

(homogenously)

10 1150 16:00 30

Table 4—Thermal analyzer conditions.
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high-carbon steel powder, XRD analy-
sis was done using Cu K-a radiation 
from 30 to 125 2i angle, with a step 
size 0.03 degree and step time 15 s. The 
results were analyzed using Origin and 
the recorded line profile was smoothed 
by using Savitzky-Golay method.

Results and 
Discussion

High Carbon Martensitic Steel 
Powders
The overspray high carbon steel pow-
ders are unique in the way that they 
are a byproduct from spraying of steel 
ingots, i.e., they are rapidly solidified and 
cooled. Hence, the microstructure is not 
necessarily conventional, which empha-
sizes the importance of in-situ tracking 
of their thermal behavior.

XRD analysis of the as-delivered 
powders are given in Figure 1. The 
materials 440C and D2 are fully austen-
itic which can be attributed to fast cool-
ing (inherent to the process) combined 
with a high interstitial content. T15 is 
also predominantly austenitic with a 
minute fraction of ferrite/martensite; 
minor peaks of W2C type carbides can 
also be observed. H13 is predominantly 
ferritic/martensitic with a minor frac-
tion of (retained) austenite.

DTA during isochronal heating can 
record phase transformations or reactions 
associated with release or uptake of heat 
(calorimetry). Upon heating, the powders 
440C, D2, and T15 undergo an exother-
mic reaction in the temperature range 
of 620-750°C, which can be attributed 
to (partial) decomposition of austenite, 
presumably via eutectoid decomposi-
tion, i.e., alloy pearlite. This transforma-
tion is most pronounced for 440C and 
least pronounced for T15, which cor-
relates with the amount of retained aus-
tenite in the initial condition. A second 
peak, occurring between 800-900°C for 
all materials, is attributed to the forma-
tion of austenite (Ac1). Examination of 
the DTA signal (Figure 2) indicates that 
the austenitization start temperature for 
SS440C is approximately 820°C, with 
complete transformation at 850°C. For 
D2, austenitization begins around 820°C 
and completes at approximately 860°C. 
In the case of H13, austenitization starts 
at around 850°C and concludes at about 

900°C. For T15, austenitization com-
mences at around 810°C and is complete 
at approximately 875°C.

The calorimetry signals from cool-
ing at a rate of 10 K/min are given in 
(Figure 2). The exothermic peak for 
the carbon rich SS440C, D2 and T15 
indicates the eutectoid transformation 
of austenite into alloy pearlite occurring 

during cooling around 750–650°C, 
analogous to the transformation taking 
place during heating. The second peak 
in the DTA signal (for all alloys) during 
cooling indicates formation of bainite at 
around 375°C followed by martensite 
formation. This behavior is consistent 
with CCT diagrams of the conventional 
wrought materials (not shown herein).

Figure 1—XRD patterns of as-received overspray powders 440C, D2, T15 and H13.

Figure 2—DTA of overspray alloy powders 440C, D2, T15 and H13 during heat and 
cooling with 10K/min and with an austenitization temperature of 1150°C (holding 
time 10 min.). Heating (top) and cooling (bottom).
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of the 420 stainless steel, adjacent to the 
surface where the nitrogen concentra-
tion is highest and at the center of the 
sample. Figure 4 (a.) represents the sur-
face region of the 420 stainless steel disk 
and Figure 4 (b) represents the center 
of the disk, which is essentially without 
nitrogen, but contains carbon.

As shown in the micrographs (Figure 4), 
there is a noticeable difference in the grain 
structure and phases within the sample. 
Due to the transient nature of this gaseous 
process, it can be inferred that there is a 
higher concentration of nitrogen near the 
surface of the sample, which was in contact 
with the gaseous atmosphere. In Figure 4 
(a), the grain structure can be seen to be 
finer, albeit with larger martensitic plates. 
These plates can be identified by their 
white color. Figure 5 shows a closer view of 
this morphology which appears to be len-
ticular or thin-plate martensite and it has 
a characteristic zigzag pattern. This type 
of morphology is related to an increased 
nitrogen content (Refs. 21,22). It could 
be inferred that the dark portions indi-
cate the presence of some form of nitride, 
likely chromium nitrides, which decorate 
the outer grain boundaries.

Figure 4 (b) shows much larger grains 
than can be seen in Figure 4 (a). This fea-
ture can be, in part, due to the absence of 
grain pinning in this region. Initial forma-
tion of nitrides will occur in the surface 
region during heating to the nitriding 
temperature (1,100°C); at the nitriding 
temperature, the nitrides will dissolve. The 
presence of chromium nitrides can pin 
grain growth near the surface where the 
nitrogen content is high (Ref. 21). The 
different composition of interstitial ele-
ments between case and core can also play 
a role for grain growth of the austenite. 
The micrograph indicates the presence of 
mainly lath martensite. Nitride formation 
should not take place, so the grain bound-
ary decorations observed are likely car-
bides forming during cooling. The pres-
ence of nitrogen in this sample demon-
strates an interesting relationship between 
solution hardening and retained austenite, 
where the former serves to harden the 
material, and the latter should soften the 
material when compared with martensite 
(Ref. 20). The higher the interstitial con-
tent in martensite, the greater the hard-
ness. However, the higher the intersti-
tial content dissolved in the austenite, the 

Figure 3—TG uptake during 10-hour HTSN of AISI 420.

HTSN of AISI 420
To assess the role of nitrogen in martensitic 
stainless steels, high temperature solution 
nitriding can be used, which will result in 
a graded structure provided the sample is 
not through-nitrided. Herein, the widely 
used AISI 420 is selected to illustrate the 
impact of nitrogen on the microstructure. 
Please note that the solution nitriding tem-
perature of 1,100°C coincides with the con-
ventional temperature for austenitization 
of this material. The applied cooling rate 
from the nitriding temperature is relatively 
slow, but here it is merely to demonstrate 
the effect of nitrogen rather than to present 
an optimized process. Figure 3 depicts the 
results obtained for in-situ gaseous nitrid-
ing through TG analysis. This graph repre-
sents the temperature and mass uptake of 
nitrogen in the sample. As can be observed 
in the figure, the total sample uptake prior 

to cooling comes to approximately 0.09 
wt% nitrogen. The flux of nitrogen follows 
directly from the in-situ recorded uptake 
of nitrogen during nitriding, when con-
sidering the specimen’s surface area. The 
overall nitriding kinetics seems to follow a 
parabolic growth law indicating diffusion-
controlled growth rather than growth gov-
erned by surface kinetics. It should be noted 
that the weight percentage of nitrogen is 
measured in the entire sample, with a dif-
fusion gradient of interstitial nitrogen mov-
ing from high concentration at the edge to a 
lower concentration at the center according 
to Fick’s second law of diffusion (Ref. 20). 
Hence, the surface region of the sample has 
a significantly higher nitrogen concentra-
tion than the overall 0.09 wt%, whereas the 
core has essentially no nitrogen.

Micrographs at different magnifica-
tions were obtained from two regions 

Figure 4—Micrographs of AISI 420 following a 10-hour HTSN treatment at the (a) surface 
region of the sample, (b) center of sample.
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lower the martensitic start (Ms) tempera-
ture; therefore, more retained austenite is 
present. The greater the retained austenite 
fraction, the softer the material becomes. 
Here it should be mentioned that nitro-
gen and carbon have a significant solid 
solution strengthening effect in austen-
ite; this effect is much more pronounced 
in stainless steels than in non-stainless 
steel. Another factor contributing to this 
balancing relationship is shifting the Ms 
temperature based upon the size of aus-
tenitic grains before martensitic transfor-
mation. A smaller grain size will lead to a 
lower Ms temperature; this effect works in 
conjunction with the nitrogen content. In 
terms of martensite morphology, higher 
nitrogen contents (lower Ms temperature), 
will result in a more plate-like morphol-
ogy. Low nitrogen contents will be asso-
ciated with a lath type martensite in this 
type of material (Ref. 23). Examining 
Figure 4 (b), the micrograph indicates the 
presence of lath martensite (Refs. 21,22) 
representative of a low nitrogen content.

Upon measuring the hardness of 
the HTSN treated 420 stainless steel 
sample, it is apparent that the hardness 
is relatively unchanged over the cross-
sectional distance through the sample. 
Figure 6 shows reasonably stable hard-
ness readings with the average hardness 
measuring at approximately 673 HV. 
This value is in the upper range of what 
is achievable based upon the carbon 
content in the sample. There is a slight 
dip towards the sample’s edge which 
may be attributed to increased nitrogen 
content and higher fraction of retained 
austenite. Sub-zero treatment could 
be applied to minimize the amount of 
retained austenite.

When compared with the hard-
ness of untreated 420 stainless steel, 
there is quite a significant hardness 
increase. The as-received hardness of 
420 stainless steel in soft-annealed 
condition is approximately 200 HV. 
The hardness obtained from the 
HTSN treatment is quite similar to 
the hardness yielded by a traditional 
oil-quenched sample (approximately 
610–740 HV) (Ref. 23). Using nitro-
gen, this maximum achievable hard-
ness range can be extended. 

For in-situ determination of Ms tem-
perature, dilatometry can be applied but 
requires uniform nitrogen over the full 

width of the tested sample. By using the 
in-situ thermal analysis, both HTSN 
processes as well as other traditional case 
hardening processes, could be refined. 
The unique feature of in-situ nitriding, 
carburizing, etc. is the ability to moni-
tor the uptake kinetics as a function of 
time and/or temperature. The ability to 
carry out lab scale treatments in a con-
trolled environment can save resources 
and allow for a more calculated and iter-
ative approach to optimizing treatment.

Precipitation Hardened 
Stainless Steel
The wrought 17-4PH had a starting 
nitrogen content of 0.027 ± 0.0002 wt% 
N, the nitrogen-loaded wrought had 0.16 
± 0.004 wt% N, and LPBF had 0.13 ± 
0.006 wt% N. Both wrought samples 
show similar slopes upon heating in 
the dilatometry curve (Figure 7) until a 
change in slope around 775°C, represent-
ing a phase transition. After quenching, 
both samples follow a new slope until a 
new change in slope at low temperatures, 
marking the martensite transformation. 
The point where this sharp transition 
begins can be labeled as the Ms tempera-
ture for that curve. The dilatometry curves 
for the wrought samples show that both 

started with a martensitic structure, trans-
formed into austenite, represented by 
the steeper slope, and then transformed 
back into martensite. The LPBF curve 
maintains the steeper slope before and 
after quenching and shows no significant 
transformation curve. This suggests that 
the LPBF began with a primarily aus-
tenitic structure and did not reach its Ms 
temperature upon quenching.

The primarily austenitic structure is 
also reflected in the XRD results, plot-
ted in Figure 8 below. Before heat treat-
ment, LPBF displays intense austenite 
(c) peaks and small ferrite (a) peaks. 
After heat treatment, the ferrite peaks 
become more prominent, but the aus-
tenite peaks remain, suggesting a partial 
martensite transformation. In compari-
son, the wrought 17-4PH has a com-
pletely martensite microstructure, as 
reflected by the intense ferrite peak.

Despite having a lower nitrogen con-
tent, the dilatometry curves show that 
LPBF remains austenitic for the entire 
heat treatment cycle while the nitrogen-
enriched wrought starts and ends mar-
tensitic. This may be due to the anisotro-
pic and dendritic/cellular structure char-
acteristic of LPBF further suppressing 
the martensite transformation (Ref. 24). 

Figure 5—HTSN of AISI 420, Microstructure close-up at edge.

Figure 6—Hardness over the cross-sectional distance of AISI 420 stainless steel after a 
10-hour HTSN treatment.
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General Discussion
As various AM methods will be applied 
to these powders, investigating the ther-
mal response of the overspray powder is 
crucial for understanding the relationship 
between microstructure and properties. 
This investigation can provide insights 
into how different AM processes influ-
ence the microstructure and, conse-
quently, the mechanical properties of the 
material. Furthermore, optimizing the 
microstructure and tailoring the prop-
erties can enable the customization of 
these materials for specific applications, 
enhancing their performance and suit-
ability for a wide range of industrial uses.

Nitrogen can be picked up in both 
the feedstock powder and from the 
cover gas in part fabrication. Most 
conventional stainless steels have a 

low nitrogen content, so the impact of 
nitrogen in AM stainless steels must be 
addressed through in-situ techniques to 
develop a modified heat treatment. 

Nitrogen has shown promise in being 
a viable alternative to interstitial carbon 
in gaseous treatment of steels. It demon-
strates similar “case hardening” properties 
in steels and can be especially beneficial in 
stainless steels. However, using too much 
nitrogen can come at a cost, since aus-
tenite stabilization may not be desired. 
It is for this reason that optimization of 
microstructure is necessary, where in-situ 
techniques may be implemented. By using 
controlled heat-treatment tracking meth-
ods, lab scale iterations can be completed, 
assisting in the specific tailoring of micro-
structures. This information can be used 
and adopted on a wider scale in industrial 

processes to increase the properties and 
performance of materials.

Conclusion
•	 Three different martensitic and inter-

stitially alloyed materials systems were 
investigated using the in-situ tech-
niques: dilatometry, calorimetry, and 
thermogravimetry. These analytical 
techniques provide critical insights 
into the structural and thermal behav-
ior of the material, enabling a com-
prehensive understanding of how the 
microstructure evolves under different 
thermal conditions. This is essential 
for optimizing processing parameters 
and tailoring the material properties 
for specific applications.

•	The in-situ transformation behavior 
of high-carbon steel overspray pow-
ders was investigated using calorim-
etry. The decomposition of austenite, 
austenitization temperature and mar-
tensite formation could be recorded.

•	 In-situ thermogravimetric methods 
can track gaseous uptake or release 
during heat treatment, which remains 
an important topic with interstitial 
hardening of martensitic steels.

•	 In the case of 420 stainless steel, 
both grain structure and phase con-
stituents varied as a function of nitro-
gen gradient through the sample. In 
particular, the martensite morphol-
ogy demonstrated variation based on 
local nitrogen content.

•	 17-4PH produced through LPBF in 
N2 cover gas and nitrogen gas-atom-
ized powder will maintain a primar-
ily austenitic microstructure, despite 
having a lower nitrogen content than 
the nitrogen-loaded wrought 17-4PH, 
which still displayed a martensite 
transformation. This may be due to 
additional microstructural differences 
in the as-fabricated condition.

•	Excess nitrogen has a significant 
impact on the martensite start tem-
perature of stainless steels and pro-
motes retained austenite in the final 
microstructure. As shown through 
dilatometry and microstructural 
analysis, an increased nitrogen content 
results in a suppressed Ms temperature.

Acknowledgements
We would like to express our gratitude to 
Asgaard Metals for their invaluable sup-
port in providing high-carbon steel for 
our research.

Figure 7—Dilatometry curves for the solution treatment of wrought, nitrogen-loaded 
wrought, and LPBF 17-4PH.

Figure 8—XRD patterns (Cr K-a radiation) for wrought 17-4PH and LPBF 17-4PH in 
the as-fabricated and heat-treated conditions.
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