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a b s t r a c t 

During laser powder bed fusion (L-PBF), materials experience cyclic re-heating as new layers are deposited, 

inducing an in situ tempering effect. In this study, the effect of this phenomenon on the tempering of martensite 

during L-PBF was examined for Fe-0.45C steel. Detailed scanning electron microscopy, transmission electron 

microscopy, atom probe tomography, and hardness measurements indicated that martensite was initially in a 

quenched-like state after layer solidification, with carbon atoms segregating to dislocations and to martensite lath 

boundaries. Subsequent tempering of this quenched-like martensite was the result of two in situ phenomena: (i) 

micro-tempering within the heat affected zone and (ii) macro-tempering due to heat conduction and subsequent 

heat accumulation. Hardness measurements showed that although both influenced martensite tempering, micro- 

tempering had the most significant effect, as it reduced martensite hardness by up to ∼380 HV. This reduction 

was due to the precipitation of nano-sized Fe 3 C carbides at the previously carbon-enriched boundaries. Lastly, 

the magnitude of in situ tempering was found to be related to the energy input, where increasing the volumetric 

energy density from 60 to 190 J/mm 

3 reduced martensite hardness by ∼100 HV. These findings outline the stages 

of martensite tempering during L-PBF and indicate that the level of tempering can be adjusted by tailoring the 

processing parameters. 
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. Introduction 

Laser powder bed fusion (L-PBF) is an additive manufacturing tech-

ique that utilizes thermal energy from a laser source to produce metal-

ic components directly from computer-aided designs. Given the small

iameter of the laser source and the layer-by-layer approach of the

rocess, complex components with relatively high dimensional accu-

acy can be produced. Despite these benefits, L-PBF continues to see

estrained adoption as a production technique. One of the reasons for

his is the limited understanding of the as-produced microstructure that

orms during the complex thermal history of the process. 

Initially, during L-PBF, material is rapidly heated above the melting

emperature, before rapidly cooling to ambient temperature at cooling

ates of 10 4 to 10 6 K/s [ 1 , 2 ]. This is then followed by cycles of re-heating

s new material becomes deposited on top of or beside the previously

eposited material. This re-heating induces an intrinsic heat treatment

hat progressively tempers the material in situ, where the peak tempera-

ure during tempering decreases as the distance from the deposited ma-

erial increases [ 3–5 ]. This creates an as-produced microstructure that
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s somewhat similar to a conventionally quenched and tempered mate-

ial. However, it is difficult to apply the conventional understanding of

uenching and tempering to L-PBF, as this in situ tempering occurs in a

yclical manner, over very short time scales, and at high temperatures

 3–5 ]. It is also localized, meaning that different portions of the material

ill experience different tempering conditions. 

Studies on the effect of this intrinsic heat treatment during laser ad-

itive manufacturing have been performed for Ti [ 6–8 ], Al [ 9 , 10 ], and

i alloys [11] , as well as for martensitic stainless steel [12] and marag-

ng steel [ 13–15 ]. However, the effect of this intrinsic heat treatment

emains unexplored for carbon steel, which is one of the most widely

sed alloy systems due to its favorable hardness, strength, ductility, and

ear resistance at low material cost [16] . 

Traditionally, carbon steel undergoes quenching and tempering to

chieve the desired properties. This is because in the quenched state,

he material is too hard and brittle due to the formation of un-tempered

artensite. This martensite forms during quenching, as there is insuffi-

ient time for the diffusion of carbon atoms within the cooling austenite.

his causes them to become entrapped at the octahedral sites of the face-
rialia Inc. This is an open access article under the CC BY license 

https://doi.org/10.1016/j.mtla.2022.101459
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mtla
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtla.2022.101459&domain=pdf
mailto:hearn@chalmers.se
https://doi.org/10.1016/j.mtla.2022.101459
http://creativecommons.org/licenses/by/4.0/


W. Hearn, K. Lindgren, J. Persson et al. Materialia 23 (2022) 101459 

Table 1 

Chemical composition of the examined Fe-0.45C 

steel powder. 

C (wt.%) Si (wt.%) Mn (wt.%) 

Fe-0.45C 0.45 0.18 0.08 
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Fig. 1. Locations of lift-outs used for (a) TEM and (b) APT analyses, taken from 

an Fe-0.45C specimen produced at 100 J/mm 

3 . For APT, two site-specific speci- 

mens were taken from both the top layer and the micro-tempered regions. These 

specimens are referred to as “a ” and “b, ” respectively. The boundary between 

the top layer and the micro-tempered region is highlighted using a white dashed 

line. 

 

X  

r  

A  

a  

t  

t  

7  

1

 

m  

s  

a  

s  

i  

w

 

(  

t  

m  

t

 

V  

t  

r  

T  

a  

3  

l  

t

 

s  

v  

p  

e  

w  

a  

d  

a

entered cubic (FCC) lattice of austenite, inducing the transformation to

he distorted body-centered tetragonal (BCT) lattice of martensite [17] .

he application of subsequent tempering provides the necessary driving

orce for the re-distribution of entrapped carbon atoms, that helps to

mprove material toughness and ductility [17] . The potential to induce

artensite tempering in situ may alleviate the need for post-processing

f these alloys and help expand the production capability of L-PBF. 

However, using carbon steel is not common in traditional laser-based

roduction techniques (e.g., welding). This is because the formation of

n-tempered martensite coupled with high residual stresses causes these

lloys to be susceptible to cracking and have poor processability. Re-

ent studies by the authors on plain carbon [18] and low-alloy steel

19] found that these alloys could be produced defect-free by L-PBF,

ven without preheating of the build plate. This indicates that the in-

rinsic heat treatment induces substantial tempering of martensite dur-

ng L-PBF that reduces the crack susceptibility of the alloys. Despite

hese promising results, a systematic categorization of how martensite

s tempered during L-PBF has yet to be presented, making it difficult to

haracterize what phenomena are inducing and controlling tempering

uring the process. 

The aim of the current study is to describe the stages of marten-

ite tempering during L-PBF of Fe-0.45C steel. Multiple techniques, in-

luding scanning electron microscopy (SEM), transmission electron mi-

roscopy (TEM), atom probe tomography (APT), micro-hardness and

ano-hardness, were used to characterize the initial and tempered states

f martensite using site-specific analysis. Additionally, specimens were

roduced at different processing parameters to evaluate the variation in

artensite tempering. The obtained results help to describe the stages

f martensite tempering during L-PBF and illustrate how the level of

empering is related to the processing parameters. 

. Experimental 

Pre-alloyed gas atomized powder (supplied by Höganäs AB, Swe-

en) was used as the feedstock material. The composition of the feed-

tock powder is shown in Table 1 . Particle size distribution was mea-

ured using laser diffraction with a Malvern Mastersizer 3000 (Malvern,

K). With this methodology, the following particle size distribution

f the feedstock was obtained: D 10 = 23.1 μm, D 50 = 40.2 μm, and

 90 = 65.0 μm. 

With the abovementioned powder feedstock, 5 × 5 × 5 mm 

3 spec-

mens were produced using an EOS M100 machine (EOS GmbH, Ger-

any). This machine is equipped with an Yb-fiber laser that has a maxi-

um laser power of 200 W and a beam diameter of ∼40 𝜇m. During the

-PBF process, no pre-heating of the build plate was used and an oxy-

en level of ∼0.1% was maintained within the building chamber using

r gas. Regarding the scanning strategy, a stripe scan pattern was used,

long with a scan rotation angle of 67°. Additionally, no outer-skin or

op-skin parameter was applied during exposure. The chosen processing

arameters were based on the volumetric energy density (VED), which

escribes the energy input during L-PBF. The VED is a function of the

can speed ( v ), hatch spacing ( h ), layer thickness ( t ), and laser power

 P ): 

 𝐸𝐷 = 

𝑃 

𝑣 ∗ ℎ ∗ 𝑡 
Using a set layer thickness of 20 μm, hatch spacing of 70 μm, and

aser power of 110 W specimens were produced at VEDs of 60, 100, and

90 J/mm 

3 by varying the scan speed. 
2 
Analysis of the printed specimens involved the characterization of

Z cross sections, in which the Z -direction related to the building di-

ection, whereas the X -direction related to the direction of gas flow.

fter sectioning, these cross sections were mounted and polished using

 Struers TegraPol machine (Struers, Denmark). Then, after polishing,

he specimens were etched with Nital (3%) to reveal the microstruc-

ure. The etched specimens were then imaged using a Zeiss AxioVision

 light optical microscope (Carl Zeiss AG, Germany) and a Leo Gemini

550 high-resolution SEM (Carl Zeiss AG, Germany). 

Vickers micro-hardness tests were performed using a DuraScan 70 G5

achine (EMCO-TEST GmbH, Austria) and involved two sets of mea-

urements. The first measurement set involved six HV10 indentations

cross the entire specimen in a 2 × 3 pattern, with each indentation

paced 2 and 1.5 mm apart, respectively. The second measurement set

nvolved seven HV0.1 indentations along the Z -direction of the top layer,

ith each indentation spaced 0.04 mm apart. 

Nano-hardness was measured using a NanoTest Vantage 4 machine

Micro Materials, UK). A load level of 20 mN was applied for each inden-

ation, with loading and unloading times of 20 s. These nano-hardness

easurements covered a total area of 150 × 140 μm, with each inden-

ation spaced 10 μm apart. 

Both TEM and APT specimens were prepared by lift-out using a FEI

ersa 3D focused ion beam SEM (Thermo Fisher Scientific, USA) to ob-

ain site-specific specimens from both the top layer and the tempered

egions below the top layer (see Fig. 1 ). TEM was performed in a FEI

ecnai T20 (Thermo Fisher Scientific, USA) with a LaB 6 filament oper-

ted at 200 kV. Moreover, APT analysis was performed in an Imago LEAP

000X HR (Imago Scientific Instruments, USA) operated with a 0.3 nJ

aser pulsing at 30 K. The target evaporation rate was set to 0.5%, and

he pulse frequency was set to 200 kHz. 

Reconstruction of the APT data was conducted using IVAS 3.6.14

oftware (CAMECA, France). An evaporation field of 23 V/nm and a k -

alue of 4.5 were assumed for the reconstructions. For the compositions

rovided in the text, the volumes were cut out with cylinders before

valuation. In addition, the C content was carefully evaluated as there

ere plenty of molecular ions containing C, including C, C 2 , C 3 , C 4 , C 5 ,

nd FeC 2 , both single- and double-charged. Special care was taken to

econvolute C 2 
+ and C 4 

2 + at m / n 24 Da, taking the minor C-13 isotopes

t 25 and 24.5 Da into account. 



W. Hearn, K. Lindgren, J. Persson et al. Materialia 23 (2022) 101459 

Fig. 2. Example of an austenization boundary (dark) and a melt pool boundary 

(diffuse) in a 100 J/mm 

3 specimen. 

Fig. 3. Hardness depth profile for specimens produced at 60, 100, and 

190 J/mm 

3 . 

3

3

 

m  

t  

t  

h  

(  

q  

e  

d  

p  

i  

s  

i

 

w  

F  

m  

a  

o

 

t  

l  

1  

t  

t  

F

 

r  

t  

t  

t  

0  

o  

r

3

 

s  

t  

e  

s  

s  

r  

(  

s  

i  

r  

w  

3

 

i  

b  

l  

t  

r  

n  

(

 

F  

a  
. Results 

.1. Optical microscopy and hardness 

Optical microscopy (OM) revealed that the Fe-0.45C steel was pri-

arily composed of tempered martensite (see Fig. 2 ). This observa-

ion was supported by hardness measurements (HV10), which revealed

hat the as-produced 60, 100, and 190 J/mm 

3 specimens exhibited bulk

ardness values of 430 ± 16, 400 ± 22, and 330 ± 23 HV, respectively

see Fig. 3 ). These hardness values are similar to those of traditionally

uenched and tempered Fe-0.45C steels [20] . OM also revealed prefer-

ntially etched bands within the tempered martensite (see Fig. 2 ). These

ark bands related to the austenization boundaries, which indicate the

ortion of material heated above the austenite stability temperature dur-

ng layer melting. The boundaries of the melt pool could also be ob-
Fig. 4. Top layer containing un-tempered martensite in spec

3 
erved; however, they were fainter and etched as diffuse boundaries

nstead (see Fig. 2 ). 

Small regions of un-tempered martensite were also observed and

ere predominantly located within the top layer of the specimens (see

ig. 4 ). These observations were supported by micro-hardness measure-

ents (HV0.1), as martensite in this region exhibited a high hardness of

pproximately 750-800 HV. These hardness values are similar to those

f traditionally quenched Fe-0.45C steels [20] . 

Variations in the VED did not affect the hardness of martensite within

his top layer (see Fig. 5 ). However, it did affect the depth of the top

ayer, as increasing the VED increased the top layer depth from 87 ±
1 to 158 ± 15 to 263 ± 16 μm as the VED increased from 60 to 100

o 190 J/mm 

3 , respectively. Additionally, increasing the VED decreased

he martensite hardness of the tempered regions below the top layer (see

ig. 5 ). 

Further nano-hardness measurements of the top layer and tempered

egions below revealed a noticeable difference in properties between

he two regions (see Table 2 and Fig. 6 ). As the martensite within the

op layer exhibited a nano-hardness value of 6.8 ± 0.4 GPa, whereas

he martensite within the tempered regions exhibited a value of 4.4 ±
.2 GPa. The nano-hardness mapping also showed that the high hardness

f martensite within the top layer was relatively uniform throughout this

egion (see Fig. 6 ). 

.2. Scanning electron microscopy 

SEM analysis of the top layer revealed the presence of lath marten-

ite ( Fig. 7a ) without any observable precipitates (see Fig. 7b ). This un-

empered state was possible as this region of material did not experi-

nce re-heating during L-PBF, allowing it to maintain its as-deposited

tate. Regions of un-tempered martensite were also found within the

pecimen below lack of fusion pores, as these areas were preferentially

evealed after Nital etching and exhibited a high hardness of ∼815 HV

see Fig. 8 ). The formation of un-tempered martensite below lack of fu-

ion defects was possible as they blocked material tempering by inhibit-

ng heat transfer between layers. Lastly, SEM analysis of the tempered

egions below the top layer revealed a lath martensitic microstructure

ith an abundance of small precipitates ( < 100 nm in size; see Fig. 7c - d ).

.3. Transmission electron microscopy and atom probe tomography 

Separate TEM and APT analyses were performed on Fe-0.45C spec-

mens produced at 100 J/mm 

3 to examine the changes in martensite

etween the top layer and the tempered regions below. TEM of the top

ayer revealed a martensitic structure (see Fig. 9a ) with no clear precipi-

ates (see Fig. 9b ). As for the tempered regions below, TEM analysis also

evealed a martensitic structure (see Fig. 9c ), but with an abundance of

ano-sized precipitates (30–60 nm in size) throughout the martensite

see Fig. 9d ). 

Slices from the APT reconstructions of the top layer are shown in

ig. 10 . In this region, carbon is unevenly distributed within the volume

s it has segregated to specific microstructural features. Although APT
imens produced at (a) 60, (b) 100, and (c) 190 J/mm 

3 . 
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Table 2 

Average nano-hardness taken from 30 × 30 μm areas within the top layer and within the tempered regions of a 

100 J/mm 

3 specimen. 

Max. Depth (nm) Plastic Depth (nm) Max. Load (mN) Hardness (GPa) Er(GPa) 

Top Layer 332 ± 9.4 295 ± 11.0 20 6.8 ± 0.4 201 ± 8.8 

Tempered Region 405 ± 9.2 378 ± 10.3 20 4.4 ± 0.2 228 ± 14.6 

Fig. 5. Micro-hardness (HV0.1) along the Z-direction, starting from the top layer in specimens produced at 60, 100, and 190 J/mm 

3 . The indentations taken within 

the top layer are indicated by a gray region. 

Fig. 6. Nano-hardness mapping (right) of indentations performed within the highlighted region (left) of a 100 J/mm 

3 specimen. The range of nano-hardness was 

from 4 to 7.5 GPa. 

Fig. 7. (a) SEM image of un-tempered marten- 

site found within the top layer of a 60 J/mm 

3 

specimen. (b) Higher magnification of (a) 

showing no noticeable precipitates. (c) SEM im- 

age of martensite found within the tempered 

region of a 100 J/mm 

3 specimen. (d) Higher 

magnification of (c) revealing the presence of 

nano-sized ( < 100 nm) precipitates. 

4 
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Fig. 8. (a) Area of un-tempered martensite 

(dashed box) found below a lack of fusion 

pore in a 60 J/mm 

3 specimen. (b) Higher- 

magnification image of un-tempered marten- 

site from the boxed region in (a). 

Fig. 9. (a) TEM image of the martensite found within 

the top layer of a 100 J/mm 

3 specimen. (b) Higher- 

magnification imaging of this region was unable to de- 

tect any precipitation. (c) TEM image of the martensite 

found within the tempered regions below the top layer of 

a 100 J/mm 

3 specimen. (d) Higher-magnification imaging 

of this region revealed numerous disc-shaped precipitates 

(30–60 nm in size). 

Table 3 

Composition from APT of the metal matrix volume and the high C volume (marked iii) in Fig. 9b within the 

top layer. Carbon-enriched dislocations and boundaries are not included in the composition determination 

of these volumes. 

Fe C Si Al Mn V Cr Co Ni Cu 

Metal Matrix Volume (at.%) Bal. 0.44 0.21 0.00 0.12 0.08 0.02 0.02 0.03 0.01 

High C Volume (at.%) Bal. 2.14 0.17 0.14 0.09 0.06 0.03 0.01 0.01 0.01 

d  
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S  
oes not provide crystallographic data, the distribution of carbon sug-

ests likely segregation to dislocations (marked i) and lath boundaries

marked ii) at concentrations of up to 5–6 at.%. Between these features,

he metal matrix contains a small amount of carbon ( ∼0.44 at.%; see the

ull composition in Table 3 ), indicating that only a limited amount of

arbon remains in solid solution. Fig. 10b shows a volume with a higher

arbon content (marked iii). In this volume, the carbon content is 2.1

t.% (see Table 3 for the full composition), and is thus interpreted as re-

ained austenite. Due to the small volume of APT analysis, the full size
5 
nd total volume fraction of austenite was not possible to determine.

he edge of this retained austenite was enriched with carbon, similar to

he lath boundaries. The blue precipitate shown in Fig. 10a is an Al-rich

xide, which also contains some Mn, Si, Cr, Fe, C, and Ti. 

Slices from the APT reconstructions of the tempered region below

he top layer are shown in Fig. 11 . Unlike the top layer, the distribution

f carbon atoms is different in these volumes as small, oblate carbides

marked i) are found sitting on carbon-enriched boundaries (marked ii).

ome of the boundaries appear diffuse, due to cutting the slice shown in
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Table 4 

Average composition from APT of the metal matrix within the tempered region. Carbon-enriched dislocations 

and boundaries are not included in the composition determination of this volume. 

Fe C Si Al Mn V Cr Co Ni Cu 

Metal Matrix Volume (at.%) Bal. 0.16 0.17 0.00 0.09 0.06 0.02 0.01 0.01 0.01 

Fig. 10. Slices of the APT reconstructions from the top layer. C, C 2 , C 3 , and C 4 
ions are shown. Two 10 nm slices are shown for each analysis, with 90° in be- 

tween. (a) also exhibits an Al-rich oxide inclusion, shown in blue. The marked 

features are (i) a carbon-decorated dislocation, (ii) a carbon-decorated bound- 

ary, and (iii) a region that is presumably retained austenite. 

Fig. 11. Slices of APT reconstructions of the tempered regions directly below 

the top layer. C, C 2 , C 3 , and C 4 ions are shown. Two 10 nm thick slices are 

shown for each analysis, with a 90° rotation between the two. Carbides within 

the volumes are marked as i, and C-enriched boundary layers are marked as ii. 
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he Fig. with an angle. Both analyses in Fig. 11 show a slight decrease in

he carbon content of the metal matrix ( ∼0.16 at.%) when compared to

hat of the un-tempered top layer ( ∼0.44 at.%). The full average com-

osition of the volumes not containing carbon-rich layers is shown in

able 4 . 
6 
The carbides within the tempered regions were approximately

0–60 nm in diameter and 10–20 nm in thickness. To determine

heir composition, they were separately analyzed and defined by iso-

oncentration surfaces. However, because of the small thickness of the

arbides, along with the fact that the carbide–metal interface was some-

hat diffuse (as a result of the APT analysis), the limit of the iso-

oncentration surfaces was found to significantly affect the carbide car-

on content. Thus, the carbon content limit was set as high as possible

o exclude any contribution from the metal matrix while still ensuring

hat the surfaces are reasonably smooth and that random fluctuations

f a lower carbon content within the carbide bulk are not excluded. Af-

er careful peak deconvolution, the carbon content of the carbides was

ound to be 24.6 at.%. This is in line with the expected composition of

ementite (Fe 3 C, 25 at.%), which should be the same when analyzed

y APT [21] . Additional examination of the carbides revealed that al-

hough the conducted APT analysis was laser-pulsed (making Si subject

o surface diffusion prior to evaporation), there was noticeable rejection

f Si toward the carbide interface and a corresponding depletion of Si

ithin the carbide (see Fig. 12 ). 

. Discussion 

To understand the in situ tempering of martensite during L-PBF, the

nitial un-tempered state needed to characterized first. This un-tempered

artensite forms during layer melting for all material heated above the

ustenite stability temperature (T A ), as this region will transform into

ustenite before subsequently transforming into martensite upon cool-

ng (see Fig. 13a ). Analysis revealed that this un-tempered martensite

ad a high hardness (750-800 HV) and contained no carbides, in-line

ith the expected characteristics of quenched martensite. However, the

arbon atoms were not distributed in true solid solution and were in-

tead segregated at dislocations and martensite lath boundaries. This

egregation is likely caused by the reduced solubility of carbon atoms

ithin the octahedral sites of the martensite lattice, in addition to the

igh mobility of carbon atoms that can allow for some segregation to

ccur even during rapid cooling [17] . This segregation relates to a phe-

omenon known as auto-tempering which is commonly observed in tra-

itionally quenched carbon steel [ 22 , 23 ]. Additionally, despite the lack

f carbon atoms in solid solution, the segregated carbon will still pro-

ide a similar strengthening effect [22] . These findings indicate that un-

empered martensite in L-PBF is in a quenched-like state, where there is

oticeable segregation of carbon atoms to dislocations and to martensite

ath boundaries. 

In the absence of build plate pre-heating, in situ tempering during

-PBF is the result of two phenomena. The first is micro-tempering,

hich is a rapid form of tempering that occurs within the heat affected

one during layer melting (see Fig. 13a ). While the second is macro-

empering, which is related to heat conduction and subsequent heat ac-

umulation within the solidified material that provides consistent tem-

ering throughout the process (see Fig. 13b ). Macro-tempering occurs as

olidified material has a thermal conductivity approximately 100 times

arger than the surrounding powder bed [24] . This induces conductive

eat flow toward the build plate, as well as subsequent heat accumu-

ation. This heat accumulation was detected by Chiumenti et al. [25] ,

ho found that the solidified material reached up to ∼150 ◦C above the

mbient temperature and remained so in a quasi-steady state until the

nd of the L-PBF process. 
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Fig. 12. Proxigram showing the Si distribution 

in relation to the 9.7% C iso-concentration sur- 

faces outlining the carbides (burgundy). The 

pink dots show the outline of the atom probe 

reconstruction. 

Fig. 13. (a) Schematic outlining the formation of un-tempered and micro-tempered martensite during layer melting. The material heated above the liquidus tem- 

perature (yellow) forms the melt pool, while the material heated above the austenite stability temperature (orange) forms un-tempered martensite and the material 

heated below the austenite stability temperature (pink) forms micro-tempered martensite. The distinction between the un-tempered and micro-tempered martensite 

is defined by the austenization boundary (grey). (b) Schematic outlining macro-tempering due to heat conduction and subsequent heat accumulation within the 

previously solidified material. 

 

s  

o  

h  

∼  

c  

p  

s  

r  

d  

p  

t  

t

 

m  

w  

d  

p  

c  

b  

c  

t  

S  

t  

o  

c  

i  

d  

l  

t  

b

 

p  

m  
To compare the impact of both phenomena, extensive hardness mea-

urements were performed. The results showed that although both forms

f in situ tempering affected the specimen hardness, the reduction in

ardness between the top layer and the micro-tempered regions reached

380 HV according to micro-hardness measurements and ∼2.4 GPa ac-

ording to nano-hardness measurements. On the other hand, when com-

aring the hardness near the top versus the bottom specimen cross

ections, the reduction in martensite hardness due to macro-tempering

eached up to only ∼67 HV. Moreover, martensite in the specimen that

id not experience micro-tempering (e.g., areas below lack of fusion

orosity) remained in an un-tempered state. These findings highlight

hat the greatest degree of martensite tempering occurs during micro-

empering. 

The reduction in hardness from the un-tempered to micro-tempered

artensite was due to change in carbon atom distribution, as carbon

ent from being segregated at boundaries and dislocations to forming a

istributed network of nano-sized carbides. These carbides formed at the
7 
reviously carbon enriched boundaries of un-tempered martensite, indi-

ating that the initial segregation of carbon acted as a precursor to car-

ide nucleation. Further APT revealed that these carbides had a carbon

ontent of 24.6 at.%, in line with the anticipated composition of cemen-

ite (Fe 3 C). Additional proxigrams revealed the noticeable depletion of

i within the carbides, as well as a buildup of Si at the carbide–matrix in-

erface. Typically, this rejection of Si occurs only during the later stages

f cementite growth, following prolonged tempering times ( > 1 h) or in-

reased tempering temperatures ( > 300 ◦C) [ 26–28 ]. This is because dur-

ng the early stages of tempering, cementite growth is controlled by the

iffusion of carbon rather than the diffusion of substitutional elements

ike Si [ 26 , 29 , 30 ]. These findings indicate that micro-tempering induces

he precipitation of nano-sized cementite at previously carbon-enriched

oundaries, which noticeably reduces the hardness of martensite. 

Lastly, the degree of martensite tempering during L-PBF was de-

endent upon the VED, as increasing from 60 to 190 J/mm 

3 decreased

artensite hardness by ∼100 HV within the micro- and macro-tempered
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egions. This reduction was due to the increase in melt pool depth, which

ncreased by approximately three times as the VED increased from 60

o 190 J/mm 

3 . These larger melt pools helped lower the thermal gra-

ient and rate of heat transport during the solidification process [31] ,

nhancing the level of the in situ tempering. The noticeable variation in

artensite hardness with increasing VED indicates that the level of tem-

ering during L-PBF can be adjusted by tailoring the processing parame-

ers. Still, it is surprising to what extent said tempering can be adjusted,

s the reduction in hardness from 60 to 190 J/mm 

3 was equivalent to

ncreasing the tempering temperature by ∼100 ◦C [20] . This noticeable

mprovement in tempering with increasing energy input is what can en-

ble the crack-free processing of non-weldable carbon steel when using

-PBF. 

. Conclusions 

This study focused on the in situ tempering of martensite during L-

BF of Fe-0.45C steel. The analysis showed that martensite is initially in

 quenched-like state after layer solidification, with carbon atoms seg-

egating to dislocations and to martensite lath boundaries. Subsequent

empering of this quenched-like martensite was the result of two in situ

henomena: (i) micro-tempering within the heat affected zone during

ayer melting and (ii) macro-tempering due to heat conduction and sub-

equent heat accumulation within the previously solidified material. 

Although both phenomena affected the level of martensite temper-

ng, hardness measurements showed that micro-tempering had the most

ignificant effect, as it reduced martensite hardness by up to ∼380 HV

rom micro-hardness measurements and by up to ∼2.4 GPa from nano-

ardness measurements. It was also found that martensite that did not

xperience micro-tempering (e.g., areas below lack of fusion porosity)

ould maintain in an un-tempered state, even within the specimen bulk.

This reduction in martensite hardness during micro-tempering was

ue to the precipitation of nano-sized carbides (30–60 nm) at the previ-

usly carbon-enriched boundaries. APT analysis revealed that the com-

osition of the carbides was 24.6 at.% C and that there was noticeable

ejection of Si. Both results strongly suggest that the observed carbides

elate to cementite (Fe 3 C). 

Lastly, the level of martensite tempering during L-PBF was depen-

ent upon the VED, where increasing the VED by 130 J/mm 

3 re-

uced the hardness of martensite by ∼100 HV. This reduction was re-

ated to the larger volume of re-heated material, which enhanced the

evel of in situ tempering. This indicates that the level of martensite

empering during L-PBF can be controlled by adjusting the processing

arameters. 
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