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Abstract

This work is a compilation and summary of the quasi-static mechanical properties of a 

novel cobalt-free maraging steel, M789, that underwent a series of heat treatments which 

included solution annealing, intercritical annealing, and aging. This work utilized a single 

laser powder bed fusion (PBF-L) build to ensure uniform chemistry of the batch of speci-

mens. The tensile geometry consisted of miniaturized tensile specimens, tested to failure 

to assess properties such as the elastic modulus, yield strength, ultimate tensile strength, 

uniform elongation, and and total elongation. The results are presented in tabular and 

graphical format.

Keywords

Additive Manufacturing; Cobalt-free Maraging Steels; Heat Treatments; Laser Powder Bed 

Fusion; Tensile Properties.
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1. Introduction

There has been growing interest in the research and development of industrially relevant 

materials [1] that do not rely on critical minerals [2]. One such class of materials is marag-

ing steels (where maraging is a combination of the words martensitic and aging). While 

there exists classes of steels that predominantly consist of martensitic phases, maraging 

steels are distinct in that the aging process produces intermetallic precipitate phases that 

strengthen the steel [3–7]. Maraging steels are often desirable in applications that require 

high strength and toughness, such as the aerospace and manufacturing tooling industries 

[8, 9]. Aside from iron (Fe), one of the principal alloying components in maraging steels is 

cobalt (Co), an elemental metal refined from a critical mineral. While cobalt-free maraging 

steels have been studied since the 1990s [5, 10], recent interest in these alloys has been 

reinvigorated by the geometrical design freedom of additive manufacturing (AM), such as 

laser powder bed fusion (PBF-L).

A recent review by Narasimharaju et al. covers AM studies of various steels manufactured 

by PBF-L, where typically the goal is to reach, or even surpass, the mechanical properties 

of their wrought counterparts [11]. Another recent review focuses specifically on the AM 

studies of 18% (wt.%) Ni-containing maraging steels, such as M200, M250, M300, and 

M350–all of which, however, contain Co in percentages ranging from 8 wt.% to 12.5 wt.%. 

Of the 18% Ni maraging steels, M300 produced via PBF-L has been of particular interest 

[12], with studies that have investigated the as-built properties [13], tensile properties 

[14, 15], effects of build parameters [15–18], surface finish and fatigue [19, 20], effects of 

heat and post-processing treatments [21, 22], and magnetic properties [23].

Deviating from the 18% Ni-containing maraging steels, the development of a maraging 

steel by voestalpine BÖHLER Edelstahl, designated as M789 [24] in 2019, contains the nom-

inal chemistry presented in Table 1 where one of the defining characteristics is that Cr is 

substituted in chemical concentration in place of Co. The recent development of M789 

has spawned several theses [25–31], as well as studies that have investigated the PBF-L 

of M789 with respect to hybrid processes [32, 33], microstructure [34–36], mechanical 

properties [35, 37, 38], fatigue properties [19, 39], corrosion behavior [39], as well as the 

effect of varying build parameters [40, 41]. There have also been several studies that have 

leveraged directed energy deposition (DED) AM to study M789 [42, 43].

Work on the heat treatment optimization of PBF-L M789 has resulted in ultimate tensile 

strengths that are approximately 1.8 GPa [35, 37, 44] when solution annealing was car-

ried out at 1000 °C for 1 h, followed by aging at 500 °C for up to 2 h - 9 h to precipitate 

the strengthening intermetallic Ni3(Ti,Al) (η) phase. A study that skipped the solution an-

nealing step and have opted for direct aging from the PBF-L as-built condition at 500 °C 

resulted in strengths of up to 1.6 GPa [38].

Based on the aforementioned work, as well as communication with the M789 feedstock 

manufacturer, the heat treatment parameters that have produced the most consistently 
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high strengths have been solution annealing at 1000 °C for 1 h and aging at 500 °C for 3 

hours. For the purpose of the present investigation, this heat treatment will be referred to 

as the baseline heat treatment condition. The aim of this study is to iterate upon the base-

line heat treatment to interrogate the heat treatment parameters for potential avenues to 

increase the mechanical properties of M789. This is a continuation of the work presented 

in Ref. [41], where the PBF-L process parameters were varied to study the stability of the 

as-built microstructure.

2. Methods

2.1. Chemistry and Powder Feedstock

The powder feedstock and as-built compositions are included in Table 1 from inductively-

coupled plasma mass spectrometry (ICPMS) measurements. Phosphorous and sulfur con-

tent were less than 0.005 wt.% and 0.001 wt.%, respectively. The M789 powder consisted 

of a nominal particle size distribution of 15 µm to 45 µm in diameter, with a D90 of 45 

µm.

Table 1. Nominal and chemical composition in weight % as determined by ICPMS for 

M789 used in this study. Note: trace elements were not measured.

 –  C  Al  Si  Ti  Cr  Ni  Mo  Fe

 Nominal <0.02  0.60  –  1.00  12.20  10.00  1.00  bal.

 Powder  0.013  0.55  0.42  1.00  12.28  10.06  1.00  75.68

 As-built  0.010  0.52  0.32  0.97  12.31  10.23  0.94  75.64

2.2. Build Parameters

This work builds off of a previous study carried out at NIST by Saville et al. [41], where 

the PBF-L parameter set was varied in order to study the microstructure and mechanical 

properties of the as-built condition. In the present work, we adopt the same nomenclature 

used in Ref. [41], and investigate iterations of heat treatments using build parameter set A, 

which consisted of PBF-L on an EOS M290 machine (software: EOSPRINT 1.9) with a laser 

power of 370 W, velocity of 800 mm/s, hatch spacing of 100 µm, scan rotation of 67°, and 

volumetric energy density of 81 J/mm3.

The PBF-L build utilized a 1045 steel build plate, 80 °C build plate heating, 60 µm layer 

thickness, a ceramic recoating blade, grid nozzle, and an argon gas environment. Build 

specimens consisted of cubes measuring 20 mm × 20 mm × 20 mm, which were removed 

from the build plate by wire electrical discharge machining (wire-EDM). An image of the 

build plate can be seen in Fig. 1.
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Fig. 1. Schematic of the build plate and pictures of the 20 mm cubes. Note, labels B–F 

pertain to a different study.

2.3. Heat Treatments

The aim of this work was to iterate upon the baseline heat treatment condition, shown in 

Table 2. Condition A1 pertains to the as-built condition, whereas condition A3 was cryo-

genically treated at 8 mK for approximately 600 hours, and condition A4 at 2.3 K for ap-

proximately 18 hours–all of which were omitted from Table 2 for brevity. The numbering of 

the specimens are consistent with previous work [41], however, were down-selected such 

that there are specimens omitted from this work, for example A2. The heat treatment 

schema was from left to right and air cooled in between steps, unless otherwise indicated. 

A pictorial flow chart, shown in Fig. 2, depicts the temperatures used in this study, however 

without times. An intercritical annealing step was investigated at several temperatures be-

tween first heat treatment (annealing) step of 1000 °C and aging step 500 °C to elucidate 

the potential for metastable austenite formation, which could contribute to different types 

of precipitates during the aging treatments and/or lead to martensite formation/harden-

ing during plastic deformation. The aging temperatures were also varied between 475 °C, 

500 °C, and 510 °C to investigate the potential for new precipitates to form.

The A32 and A34 specimens that underwent hot isostatic pressing (HIP) treatments at 500 

°C and 1000 °C followed by 500 °C at 200 MPa of Ar, respectively, and were air cooled.

3
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Table 2. Heat treatment conditions used in this study, where the matrix elements are 

expressed in time (h) for each temperature (°C). The heat treatment schema was from 

left to right, unless otherwise indicated (such as in A14). WQ = water quench, S = series 

solution treatment (no removal from furnace), HIP = hot isostatic pressure treatment.

 Condition  1000 °C  825 °C  775 °C  750 °C  510 °C  500 °C  475 °C

 A5  1 h  –  –  –  –  –  –

 A6  1 h (WQ)  –  –  –  –  –  –

 A7  1 h  –  –  –  –  3 h  –

 A8  –  –  –  –  –  3 h  –

 A9  –  –  1.5 h  –  –  –  –

 A10  –  –  1.5  –  –  3 h  –

 A11  1 h  –  –  –  –  –  3 h

 A12  1 h  –  –  –  3 h  –  –

 A13  1 h  –  1.5 h  –  –  3 h  –

 A14  1 h  –  –  –  1.5 h (2nd)  –  1.5 h (1st)

 A15  –  –  –  –  –  –  3 h

 A17  –  –  –  1.5 h  –  –  –

 A18  –  1.5 h  –  –  –  –  –

 A20  1 h (S)  –  1.5 h (S)  –  –  –  –

 A21  1 h (S)  –  1.5 h (S)  –  –  3 h (S)  –

 A22  1 h (S)  –  –  –  –  3 h (S)  –

 A23  –  –  1.5 h (S)  –  –  3 h (S)  –

 A32  –  –  –  –  –  3 h (HIP)  –

 A34  1 h (HIP)  –  –  –  –  3 h (HIP)  –

 A41  1 h  –  8 h  –  –  –  –

 A42  1 h  –  8 h  –  –  3 h  –

4
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2.4. Mechanical Testing

Tensile properties of as-built microstructures were measured using an extensometer in-

strumented load frame using a quasi-static strain rate of 10−3 s−1 and a custom tensile 

geometry based closely on ASTM E8 [45], inspired by recent work on the repeatability of 

tests on sub-standard sized miniature tensile specimens [46]. The design is depicted in Fig. 

3, with a nominal gauge length of 5.5 mm, width of 1.25 mm, and thickness of 1 mm.

An image of the load frame used in this study is shown in Fig. 4a. Strain was measured 

using an extensometer with maximum gauge length of 3 mm (Fig. 4b). Due to the design 

gauge length being 5.5 mm, any specimens that failed outside of the extensometer gauge 

measurement length of 3 mm or on the extensometer pins were excluded from analysis 

that required the total elongation. That is, these tests were not used to measure total 

elongation.

Fig. 3. Tensile geometry used in this study.

2.5. Uncertainty Analysis

The calculation of the stress uncertainty as part of the tensile testing for a rectangular cross 

sectional area can be defined in units of F  and δF  for force (N), and t  and δ t  and w and 

δw for thickness and width (mm), respectively. Therefore, the stress, σ  is represented by:

σ =
F

t ·w
(1)

and uncertainty for a rectangular cross section via the root-sum-squares method [47]:

δσ =

√
δw2

(
F

t ·w2

)2

+δ t2
(

F
t2 ·w

)2

+δF2
(

1
t ·w

)2

(2)
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Fig. 4. a) Image of the load frame used in this work and b) image of the extensometer.

The calibration uncertainty in the load cell was last measured to be 0.27%, therefore, this 

value is applied to the average yield and ultimate tensile stress values for the uncertainty 

measurement in stress, whereas 0.01 mm was used for the uncertainty in the cross sec-

tional area as measured via digital caliper prior to each test.

3. Results

The average mechanical properties for the heat treatment iterations are presented in Table 

3, whereas bar charts that visually compare the conditions are presented in Fig. 5 for yield 

strength (σY S), Fig. 6 for ultimate tensile strength (σUT S), Fig. 7 for elastic modulus (E), Fig. 

8 for uniform elongation (εu), and Fig. 9 for total elongation (εt ). It is notable that the total 

elongation (εt ) averages have been filtered such that only tests that reached failure inside 

the pins of the extensometer are reported, represented by εt (N) in Table 3. The color 

schemes for the bar charts incorporate the colors of the temperatures utilized for each 

7
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heat treatment, and the gradient color schemes represent continuous heat treatments 

such that the specimens never left the furnace. The standard deviations represent the 

standard error of the mean for each data set. The engineering stress-strain curves for each 

of the conditions are presented in Appendix A. The true stress-strain curves are presented 

in Appendix B.

Table 3. Summary of mechanical properties for each heat treatment condition. The total 

elongation data has been filtered such the averages are only representative of tests that 

reached failure within the measurement portion of the physical extensometer. σY S = 

yield strength, σUT S = ultimate tensile strength, E = elastic modulus, εu = uniform 

elongation, and εt  = total elongation. The ± values are one standard error of the mean. 

The total elongation values are accompanied by the number, N, of values used to 

calculate the standard deviation of the mean.

 Condition σY S (GPa) σUT S (GPa)  E (GPa) εu εt εt (N)

 A1  0.75 ± 0.03  1.04 ± 0.01  152 ± 17  0.057 ± 0.005  0.259 ± 0.039  2

 A3  0.81 ± 0.02  1.06 ± 0.01  158 ± 8  0.046 ± 0.004  0.275 ± 0.033  2

 A4  0.81 ± 0.02  1.05 ± 0.01  152 ± 8  0.048 ± 0.003  0.225 ± 0.063  2

 A5  0.74 ± 0.04  0.95 ± 0.02  141 ± 17  0.029 ± 0.003  0.263 ± 0.015  3

 A6  0.73 ± 0.04  0.95 ± 0.02  153 ± 29  0.027 ± 0.002  0.280 ± 0.031  5

 A7  1.67 ± 0.02  1.75 ± 0.02  173 ± 5  0.020 ± 0.001  0.108 ± 0.055  4

 A8  1.41 ± 0.03  1.55 ± 0.05  179 ± 13  0.029 ± 0.013  0.119 ± 0.082  7

 A9  0.70 ± 0.02  0.97 ± 0.01  145 ± 15  0.042 ± 0.008  0.249 ± 0.068  3

 A10  1.31 ± 0.04  1.45 ± 0.04  174 ± 7  0.054 ± 0.020  0.130 ± 0.060  8

 A11  1.62 ± 0.03  1.73 ± 0.03  177 ± 6  0.024 ± 0.002  0.116 ± 0.029  4

 A12  1.64 ± 0.01  1.72 ± 0.00  177 ± 4  0.021 ± 0.002  0.119 ± 0.031  9

 A13  1.44 ± 0.04  1.54 ± 0.05  181 ± 7.2  0.021 ± 0.002  0.111 ± 0.035  7

 A14  1.63 ± 0.01  1.72 ± 0.01  178 ± 5.5  0.022 ± 0.002  0.130 ± 0.041  7

 A15  1.43 ± 0.03  1.58 ± 0.01  171 ± 13.9  0.060 ± 0.009  0.211 ± 0.052  8

 A17  0.70 ± 0.02  0.98 ± 0.01  145 ± 22.9  0.053 ± 0.004  0.270 ± 0.022  6

 A18  0.72 ± 0.03  0.99 ± 0.01  157 ± 20.3  0.037 ± 0.003  0.255 ± 0.019  5

 A20  0.75 ± 0.04  0.94 ± 0.01  134 ± 26.0  0.029 ± 0.003  0.266  1

 A21  0.75 ± 0.05  0.96 ± 0.01  137 ± 36.5  0.031 ± 0.003  0.257  1

 A22  0.73 ± 0.04  0.96 ± 0.01  146 ± 24.8  0.031 ± 0.002  0.206 ± 0.043  3

 A23  0.70 ± 0.03  0.99 ± 0.01  146 ± 20.6  0.051 ± 0.003  –  0

 A32  1.47 ± 0.05  1.59 ± 0.01  166 ± 17.6  0.024 ± 0.006  0.171 ± 0.067  7

 A34  1.65 ± 0.02  1.75 ± 0.01  180 ± 7.0  0.023 ± 0.001  0.144 ± 0.020  7

 A41  0.68 ± 0.02  0.97 ± 0.00  145 ± 16.1  0.046 ± 0.003  0.140  1

 A42  1.40 ± 0.02  1.49 ± 0.01  181 ± 11.7  0.021 ± 0.002  0.167 ± 0.031  8

The uncertainty in the stress measurement was calculated as a function of the calibra-

tion uncertainty of 0.27% for the load cell used in this work, and was plotted against the 

ultimate tensile strength such that the fractional uncertainty is representative of the indi-
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Fig. 5. Summary of the yield strengths measured in this study. Error bars represent one 

standard deviation of the mean.

vidual value. A scatter plot of all of the fractional uncertainties plotted against the ultimate 

tensile strengths measured in this work is presented in Fig. 10.
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Fig. 6. Summary of the ultimate tensile strengths measured in this study. Error bars 

represent one standard deviation of the mean.

Fig. 7. Summary of the elastic modulus values measured in this study. Error bars 

represent one standard deviation of the mean.
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Fig. 8. Summary of uniform elongation values measured in this study. Error bars 

represent one standard deviation of the mean.

Fig. 9. Summary of the total elongation values measured in this study. Note, the data has 

been filtered to exclude data tests that exhibited failure outside of the measurement pins 

of the physical extensometer. Error bars represent one standard deviation of the mean.
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Fig. 10. Fractional uncertainty of the stress measurement plotted against the ultimate 

tensile strengths measured in this work for all of the test specimens.
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4. Summary

Fig. 11. Summary of ultimate tensile strengths compared to total elongation. The red 

dashed lines intersect the ultimate tensile strength of the baseline heat treatment 

condition that was processed via HIP.

A summary plot, which incorporates the color scheme for the heat treatments, is shown for 

ultimate tensile strengths compared against total elongation for each of the conditions in 

Fig. 11. The highlighted lines in red are for the properties of the HIP condition of the base-

line heat treatment, which is shown to have equal strength but greater ductility, consistent 

with modern understanding of HIP-induced pore closure leading to increased ductility in 

metals [48].

Below are the summarized observations from this work:

• The ultimate tensile strength of the baseline heat treatment of approximately 1750 

MPa is consistent with previously reported values for M789, and with greater duc-

tility when subjected to hot isostatic pressing treatment.

• None of the heat treatment iterations in this work surpassed the baseline heat treat-

ment in terms of ultimate tensile strength.

13
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• The baseline and direct aging conditions that were replicated with hot isostatic press-

ing treatments maintained the strength of their non HIP’d counterparts, with in-

creased ductility.

• The annealing-only treatments without aging produced lower strengths but greater 

ductility.

• The series heat treatments (where the specimens were not removed from the fur-

nace, such that each step cooled to the next temperature) resulted in a drastic de-

crease in strength relative to their individually segmented counterparts. That is, 

where each step was allowed to cool prior to the next heat treatment step.

• The cryogenic treatments led to a small increase in the yield strength relative to 

the as-built condition, however, they converged towards similar values for ultimate 

tensile strength as the as-built condition.

• The direct aging treatments led to slight decreases in strength, but resulted in greater 

ductility, and therefore a qualitative improvement in quasi-static toughness.

• The intercritical annealing at 775 °C for 8 hours prior to aging led to an increase in 

ductility with a slight decrease in ultimate tensile strength relative to the intercritical 

annealing carried out for 1.5 hours.

Future work will investigate a subset of the heat treatment conditions, shown in Fig. 12, 

where HIP treatments will be applied to increase the ductility of the heat treatment condi-

tions that utilize full-sized ASTM E8 [45] specimens, as well as the effect of different testing 

environments.

14
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Fig. 12. Engineering stress-strain curves for the baseline, baseline with intercritical 

annealing (8 hours) and aging, and direct aging conditions. The color gradients for each 

plot were applied to match the data visualization shown in Fig. 11.
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Appendix A. Engineering Stress-Strain Curves

The engineering stress-strain curves are presented in this section. Note, the data has been 

filtered to exclude tests where the failure occurred outside of the measurement portion 

of the physical extensometer. The MT# label stands for ‘mechanical test number’ that 

was used for internal tracking. The colors in this section are ordered per-test, and do not 

correlate with the color scheme defined in the main portion of the report.

Fig. A1. Engineering stress-strain curves for the A01 condition.
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Fig. A2. Engineering stress-strain curves for the A03 condition.
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Fig. A3. Engineering stress-strain curves for the A04 condition.
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Fig. A4. Engineering stress-strain curves for the A05 condition.
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Fig. A5. Engineering stress-strain curves for the A06 condition.
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Fig. A6. Engineering stress-strain curves for the A07 condition.
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Fig. A7. Engineering stress-strain curves for the A08 condition.
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Fig. A8. Engineering stress-strain curves for the A09 condition.
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Fig. A9. Engineering stress-strain curves for the A10 condition.
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Fig. A10. Engineering stress-strain curves for the A11 condition.
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Fig. A11. Engineering stress-strain curves for the A12 condition.
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Fig. A12. Engineering stress-strain curves for the A13 condition.

31



NIST TN 2352

September 2025

Fig. A13. Engineering stress-strain curves for the A14 condition.
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Fig. A14. Engineering stress-strain curves for the A15 condition.
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Fig. A15. Engineering stress-strain curves for the A17 condition.
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Fig. A16. Engineering stress-strain curves for the A18 condition.
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Fig. A17. Engineering stress-strain curves for the A20 condition.
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Fig. A18. Engineering stress-strain curves for the A21 condition.
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Fig. A19. Engineering stress-strain curves for the A22 condition.
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Fig. A20. Engineering stress-strain curves for the A32 condition.
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Fig. A21. Engineering stress-strain curves for the A34 condition.
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Fig. A22. Engineering stress-strain curves for the A41 condition.
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Fig. A23. Engineering stress-strain curves for the A42 condition.
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Appendix B. True Stress-Strain Curves

The true stress-strain curves for the data are presented in this section. The MT# label 

stands for ‘mechanical test number’. The colors in this section are per-test, and do not 

correlate with the color scheme defined in the main portion of the report.

Fig. B1. True stress-strain curves for the A01 condition.
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Fig. B2. True stress-strain curves for the A03 condition.
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Fig. B3. True stress-strain curves for the A04 condition.
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Fig. B4. True stress-strain curves for the A05 condition.
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Fig. B5. True stress-strain curves for the A06 condition.
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Fig. B6. True stress-strain curves for the A07 condition.
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Fig. B7. True stress-strain curves for the A08 condition.
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Fig. B8. True stress-strain curves for the A09 condition.
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Fig. B9. True stress-strain curves for the A10 condition.
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Fig. B10. True stress-strain curves for the A11 condition.
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Fig. B11. True stress-strain curves for the A12 condition.
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Fig. B12. True stress-strain curves for the A13 condition.
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Fig. B13. True stress-strain curves for the A14 condition.
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Fig. B14. True stress-strain curves for the A15 condition.
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Fig. B15. True stress-strain curves for the A17 condition.
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Fig. B16. True stress-strain curves for the A18 condition.
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Fig. B17. True stress-strain curves for the A20 condition.
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Fig. B18. True stress-strain curves for the A21 condition.
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Fig. B19. True stress-strain curves for the A22 condition.
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Fig. B20. True stress-strain curves for the A23 condition.
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Fig. B21. True stress-strain curves for the A32 condition.
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Fig. B22. True stress-strain curves for the A34 condition.
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Fig. B23. True stress-strain curves for the A41 condition.
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Fig. B24. True stress-strain curves for the A42 condition.
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