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a b s t r a c t 

Several key industries routinely make complex parts using metal printing, but its continued growth will 

require the ability to control the microstructure and properties of parts. Many process variables affect the 

spatially variable thermal cycles that affect the microstructure and properties of parts. Here we show that 

the evolution of hardness of a tool steel part at various locations can be calculated using computed ther- 

mal cycles and a Johnson-Mehl-Avrami kinetic relation. The calculated hardness values agreed well with 

the independent experimental data for various processing conditions. At a given location, the hardness 

continued to decrease with progressive thermal cycles. Lower layers of the part experienced continued 

thermal cycles during the deposition of upper layers and the hardness decreased with distance from the 

top of the deposit. High heat input due to high laser power and slow scanning speed resulted in low 

cooling rate, high temperature, more pronounced tempering of martensite, and low hardness. Since the 

model can predict the spatial variation of hardness as a function of process variables, the work can serve 

as a basis for tailoring the hardness of some additively manufactured parts. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

In directed energy deposition, unique three-dimensional metal- 

ic parts are now routinely made by melting and solidifying pow- 

er feedstock, layer upon layer, using a laser beam guided by 

 digital file [1-4] . The directed energy deposition (DED) addi- 

ive manufacturing (AM) is widely used in aerospace, medical, 

nd other industries [ 1 , 5 , 6 ]. An important challenge in this pro-

ess is the need to control the microstructure and properties of 

etallic parts [2] . Although the process-microstructure-property- 

erformance relations of metallic components have been exten- 

ively studied, there is no straightforward way to understand and 

ontrol the evolution of the microstructures and properties of parts 

ade by AM [1] . A large number of processing variables, the highly 

ransient temperature fields, spatially variable thermal cycles, and 

he motion of the liquid alloys in the melt pool influence the solid- 

fication patterns, and the evolution of microstructure and proper- 

ies of parts [ 1 , 2 , 4 , 7 ]. In addition, when a metal layer is deposited,

he previously deposited layers are heated and cooled, and the 

icrostructure and properties of the previously deposited layers 
∗ Corresponding author. 
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hange [8-12] . Understanding the roles of process variables such 

s the laser power and scanning speed on the evolution of mi- 

rostructure and properties are important because they affect the 

erformance of the manufactured components. 

Microstructure evolution has been studied in the allied process 

f fusion welding to investigate phase transformations in real-time 

sing a powerful X-ray beam from synchrotron units [13] . These 

nits provide crystal structure changes for the exact conditions of 

he experiment, but do not directly provide any data on the evo- 

ution of mechanical properties. Several attempts have been made 

o measure mechanical properties such as hardness and its spatial 

ariations for parts made by DED-L [14-23] . Significant variations 

n hardness along the height of the printed parts due to a wide 

ariety of microstructures in the component [14-23] have been re- 

orted. However, these results did not show the evolution of hard- 

ess during the deposition process. Several kinetic models [24- 

6] are available to explain the evolution of hardness by simulat- 

ng the kinetics of martensite formation and its transformation to 

empered martensite. For example, in the allied process of fusion 

elding of a dual phase steel, hardness variation has been pre- 

icted using a Johnson-Mehl-Avrami equation-based model which 

aptures both the nucleation and growth mechanisms of carbides 

27] . A martensite tempering kinetic model has been used to pre- 

ict the hardness variation during multi-pass welding of a ferritic- 

artensitic steel [28] . In additive manufacturing, kinetic models 

https://doi.org/10.1016/j.actamat.2021.116775
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.116775&domain=pdf
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Table 1 

Thermo-physical properties of H13 tool steel used in thermal cycle 

calculations [39] . Here, ‘T’ represents temperature in K and ’ γ ’ is 

the surface tension. 

Properties Values 

Liquidus temperature (K) 1725 

Solidus temperature (K) 1585 

Thermal conductivity (W/m K) 18 . 39 + 7 . 52 × 10 −3 T 

Specific heat (J/kg K) 394 . 8 + 0 . 2142 T 

Liquid thermal conductivity (W/m K) 30.96 

Liquid specific heat (J/kg K) 823.96 

Latent heat of fusion (J/kg) 2.74 × 10 5 

Density (kg/m 

3 ) 7800 

Viscosity (kg/m s) 5.7 × 10 −3 

d γ /dT (N/m K) −0.43 × 10 −3 
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ased on the Johnson-Mehl-Avrami equation [ 29 , 30 ] and particle 

oarsening models [31] have been used to explain the temporal 

volution of hardness. These methods rely on the thermal cycles 

onitored experimentally during the AM process. However, exper- 

mental determination of thermal cycles at all locations in the part 

s not possible. In addition, the rapid movement of a tiny heat 

ource to print the component makes the temperature measure- 

ent a difficult task [ 1 , 4 ]. A recourse is to do simulations where

he complex thermal cycles are computed from the solution of the 

quations of conservation of energy, momentum, and mass [32- 

5] and the microstructural and property changes are computed 

rom the computed thermal cycles. Such calculations require dis- 

retizing these equations and solving the resulting billions of equa- 

ions in an iterative scheme and are computationally intensive [4] . 

ppropriate kinetic equations are needed to calculate microstruc- 

ure evolution and changes in properties. 

Here we use a combination of a well-tested, 3D, transient heat 

ransfer and fluid flow model [ 5 , 36 ] and a kinetic model [30] to

redict the hardness of H13 tool steel parts fabricated using multi- 

ayer directed energy deposition with a laser heat source (DED-L). 

he heat transfer and fluid flow model is used to accurately cal- 

ulate the thermal cycles at different locations of the component 

or various processing conditions. The effects of repeated heating 

nd cooling are considered during the multi-layer deposition at all 

ocations of the part as a function of time. The isothermal aging 

ata of H13 tool steel [31] is used to calculate parameters of the 

hase transformation kinetic equation. The synthesis of the heat 

ransfer fluid flow model, the phase transformation kinetics, and 

he isothermal aging data provide a framework for computing the 

ffects of processing parameters on the microstructure and prop- 

rties as a function of process variables that cannot be obtained 

y any other means. The calculated hardness values are rigorously 

ested using independent experimental data for various processing 

onditions. The model is also used to examine the effects of laser 

ower and scanning speed on the hardness variations. 

. Methodology 

Fig. 1 schematically represents the methodology used here. The 

ardness of a DED-L component is predicted by the following three 

onsecutive steps. First, a well-tested, 3D heat transfer and fluid 

ow model [ 5 , 36 ] of DED-L is used to calculate accurate ther-

al cycles at specified locations. Second, the Johnson-Mehl-Avrami 

JMA) equation gives the fraction of total martensite converted as a 

unction of time for isothermal transformations. It has been shown 

n the literature that the change in hardness in a specimen is pro- 

ortional to the fraction of transformation [ 37 , 38 ]. Therefore, in 

his case, hardness measurements from the specimens can be used 

o relate the phase transformation (tempering) kinetics to temper- 

ture and time, and the JMA parameters can be determined from 

he time-temperature-tempering data. Based on the isothermal ag- 

ng data of H13 tool steel at various temperatures [31] , constants 

n Johnson-Mehl-Avrami (JMA) equation are estimated. Finally, the 

sothermal JMA equation is integrated over the computed thermal 

ycle to calculate hardness. The various steps are explained in the 

ollowing subsections. 

.1. Calculation of the thermal cycles 

Thermal cycles are calculated using a well-tested, 3D, transient 

eat transfer and fluid flow model of DED-L of H13 tool steel. The 

odel solves conservation equations of mass, momentum and en- 

rgy in 3D to calculate the temperature and velocity fields, molten 

ool dimensions and multiple thermal cycles during the multi- 

ayer deposition process at various selected locations in the part. 

he model is described in detail in our previous papers [ 5 , 36 ] and
2 
s not repeated here. Only the salient features of the model are 

resented here. Calculations are done for multi-layer thin walls. 

artesian coordinates are used in the calculation. Unidirectional 

aser scanning along the positive X-axis are used for all layers. The 

uild direction of multiple layers follows the positive Z-coordinate. 

he direction perpendicular to the scanning direction along the 

idth of the part is taken as the positive Y-direction. Half of the 

olution domain is used for the calculation to save computational 

ime assuming symmetry with respect to vertical XZ plane. Ther- 

al cycles are calculated at any location with a specified XYZ co- 

rdinate from the three-dimensional transient temperature field. 

hermophysical properties of H13 tool steel [39] used for the cal- 

ulations are presented in Table 1 . Variations of the thermal con- 

uctivity and specific heat of the solid alloy with temperature are 

onsidered in the calculations. However, the effects of temperature 

n the thermophysical properties have been ignored where data 

re not available in the literature. It is also assumed that the ther- 

ophysical properties of the alloy are determined by the chemical 

omposition and temperature. Possible effects of the microstruc- 

ure of the alloy on the thermophysical properties at a given tem- 

erature are not known and ignored. These simplifying assump- 

ions introduce inaccuracies in the calculations. However, the fair 

greement between the experimentally determined thermal cycles 

nd the corresponding computed results provide evidence that the 

omputed thermal cycles can be used for the estimation of spatial 

nd temporal variation of hardness. 

.2. Estimation of the constants in Johnson-Mehl-Avrami (JMA) 

quation 

The JMA equation is used to estimate the extent of temper- 

ng of martensite as a function of time for isothermal transfor- 

ations. It has been shown in the literature that the change in 

ardness in a specimen is proportional to the fraction of transfor- 

ation [ 37 , 38 ]. Therefore, hardness measurements from the spec- 

mens can be used to relate the phase transformation (tempering) 

inetics to temperature and time, and the JMA constants can be 

etermined from the time-temperature-tempering data. The con- 

tants in JMA equation are estimated based on the isothermal ag- 

ng data of H13 tool steel. Fig. 2 (a) provides the isothermal ag- 

ng data [31] which represents the hardness variation with aging 

ime at different temperatures. As-deposited H13 martensitic tool 

teel parts exhibit high hardness [ 14 , 31 ]. Hardness decreases dur- 

ng aging because martensite transforms to tempered martensite 

ontaining carbides of vanadium and chromium [ 14 , 31 ] ( Fig. 2 (a)).

 higher temperature can expedite tempering. Therefore, hardness 

ecreases with aging temperature as shown in Fig. 2 (a). Since, the 

hange in hardness in a specimen is proportional to the fraction 

ransformed [ 37 , 38 , 40 ], extent of tempering ( Y ) can be related to
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Fig. 1. This schematic outlines the method used in this research. The essential components are DED-L process, a mechanistic model (heat transfer and fluid flow) of DED-L 

process to compute thermal cycles and isothermal aging data for H13 tool steel to predict the constants in the John-Mehl-Avrami (JMA) equation. Both the mechanistic 

model and the JMA based kinetic model are combined to obtain a property prediction model to estimate hardness of H13 tool steel parts made using DED-L. 
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ardness ( H) as, 

 = 

H 0 − H 

H 0 − H ∞ 

(1) 

here H 0 = 675 VHN (maximum hardness in Fig. 2 (a)), H ∞ 

= 336 

HN (minimum hardness in Fig. 2 (a) after very long tempering) 

nd H values at different time and temperature are obtained from 

he aging diagram ( Fig. 2 (a)). Variation of the extent of tempering 
3 
 Y ) with time at different aging temperature is shown in Fig. 2 (b).

xtent of tempering ( Y ) can also be represented using JMA equa- 

ion as [ 29 , 30 ], 

 = 1 − exp 

[
−k ( t ) 

n 
]

(2) 

here k and n are constants in JMA equation and t represents time 

n seconds. Therefore, slopes and Y-intercepts of Fig. 2 (c) provide 

he values of n and ln (k) respectively, at different temperature, 
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Fig. 2. Calculations of the constants in JMA equation for H13 tool steel. (a) Isothermal aging data [31] of H13 tool steel showing the variations in hardness with aging time at 

different tem perature. (b) Calculated values of the extent of transformation (Y) with time at different temperatures. ‘H’ is the hardness taken from figure (a). H 0 and H ∞ are 

675 and 336 VHN respectively. (c) Calculations of ln(k) and n in JMA equation. The y-intercept and slope of each line represent ln(k) and n respectively at the corresponding 

temperature. The values of ln(k) and n at different temperatures are provided in Table 2 . The unit of ‘k’ is (seconds) −0.41 . (d) Plot of calculated values of ln(k) vs inverse 

of temperature. ln(k) values are taken from figure (c) at different temperatures. The slope of this plot provides the value of Q/R , where Q = 7.593 × 10 4 J/mol and the 

y-intercept provides the value of ln ( k 0 ) = 5.9 (has same unit as ln(k)) therefore, k 0 = 367.8. These values are used in the JMA equation. 

Table 2 

Data for calculating constants in JMA 

equations from the isothermal aging 

data of H13 tool steel. ln(k) and n are 

the y-intercepts and slope respectively, 

for different lines for different tempera- 

tures in Fig. 2 (c). 

Temperature, K ln (k) n 

811 −5.2689 0.36 

839 −5.5515 0.44 

866 −4.1062 0.34 

922 −3.8523 0.42 

977 −3.63 0.49 

Average n 0.41 

w  

r

k

Table 3 

Process parameters used for the calculations. 

Process parameters Set 1 Set 2 Set 3 

Laser power (W) 200–250 680 800 

Laser scanning speed (mm/s) 8.47–10.58 12.7 2.0 

Laser beam radius (mm) 0.45 0.50 0.53 

Layer thickness (mm) 0.45 0.25 1.0 

Powder feed rate (g/s) 0.217 0.22 0.22 

Track length (mm) 8.0 35.5 45.0 

Substrate thickness (mm) 1.5 9.0 5.0 

w

K

g

v  

w

o

v

hich are provided in Table 2 . The constant k in Eq. (2) can be

epresented as [ 29 , 30 ], 

 = k 0 exp (−Q/RT ) (3) 
4 
here k 0 is an alloy specific constant, T is the temperature in 

, Q is the activation energy in J/mol K and R is the universal 

as constant (8.314 J/mol K). Slope of a plot of ln (k) with the in- 

erse of temperature ( 1 /T ) ( Fig. 2 (d)) provides the value of Q/R,

here Q = 7.593 × 10 4 J/mol and Y-intercept provides the value 

f ln ( k 0 ) = 5.9 which gives k 0 = 367.8 (seconds) −0.41 . An average 

alue of n = 0.41 is taken for the calculation ( Table 2 ). 
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Fig. 3. 3D temperature and velocity fields in two isometric views (a) and (b), calculated using the heat transfer model for DED-L of H13 tool steel using 250 W laser power 

and 8.47 mm/s scanning speed. Other process parameters are given as set 1 in Table 3 . Half of the domain is shown due to symmetry about XZ plane. 
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.3. Predication of hardness from the thermal cycle 

Hardness of the component is calculated by integrating the 

sothermal JMA equation ( Section 2.2 ) over the numerically com- 

uted thermal cycles ( Section 2.1 ). The thermal cycle is assumed 

o be a summation of multiple small isothermal time steps. At 

ach time step, the time elapsed is a fraction of the time required, 
5 
t that temperature, to achieve a given amount of transformation 

r change in hardness. Summation of isothermal time steps ( �t ), 

here �t is in seconds, over an entire thermal cycle covers the 

verall aging process [31] , 

 �t = 1 (4) 

t 
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Fig. 4. Comparison between experimentally monitored [41] and numerically calcu- 

lated thermal cycle during DED-L of H13 tool steel using the process parameters 

given as set 2 in Table 3 . The thermal cycle is for a single layer deposition. Ex- 

perimentally, the temperature is monitored using a thermocouple at a location ‘A’ 

schematically shown in the inset. The inset to show the process is a schematic and 

not to scale. The thermal cycle is numerically calculated at “A”. 
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here t is time in seconds, can be found by combining Eq. (1) to

3) and rearranging the terms as, 

 = 

[ 

ln 

(
1 − H 0 −H 

H 0 −H ∞ 

)
−k 0 exp 

(−Q 
RT 

)
] 1 /n 

(5) 

In Eq. (5) , T is the temperature (in K) from the computed 

hermal cycle. The constants and their values are discussed in 

ection 2.2 . For an isothermal hold, Eq. (5) represents the time re- 

uired to each a given hardness ( H), at a given temperature ( T ).

q. (4) is iteratively solved over a thermal cycle to find the value 

f the hardness ( H) that satisfies the summation for that thermal 

ycle. 

. Results and discussion 

Fig. 3 shows the three-dimensional temperature and velocity 

elds during DED-L of a single-track H13 tool steel deposit when 

he laser beam is at the mid length of the track. The red region

ounded by the liquidus temperature isotherm (1725 K) repre- 

ents the fusion zone of the molten pool. The liquidus (1725 K) 

nd solidus (1585 K) temperature isotherms bound the two-phase 

olid-liquid mushy zone. Isotherms are compressed near the lead- 

ng edge and expanded near the trailing edge of the molten pool 

ue to scanning along the positive x-direction. In DED-L, the part is 

ade by melting and solidification of powder particles. Therefore, 

he top surface of the deposit is curved, with the height at a maxi- 

um at the center and decreasing along the y-direction away from 

he center of the deposit, as shown in Figs. 3 (a-b). Black velocity 

ectors represent the convective flow of the liquid metal driven by 

he surface tension gradient on the top surface. The magnitude of 

hese velocities can be estimated by comparing their length with 

hat of the reference vector provided. The liquid metal flows from 

he center (low surface tension at high temperature) to the periph- 

ry (high surface tension at low temperature) of the molten pool 

long the curved top surface. 

Thermal cycles at any location in the component can be ex- 

racted from the 3D, transient temperature distributions ( Fig. 3 ). 

ig. 4 shows that the calculated thermal cycle agrees well with the 
6 
xperimentally measured values [41] for a single layer deposition 

f a H13 tool steel build for which data are available. The deposit 

abricated on a substrate is schematically shown in the inset of the 

gure. The temperature was experimentally measured [41] using a 

hermocouple at a location indicated as ‘A’ in the figure. The ther- 

al cycle is calculated at the same location. The excellent agree- 

ent between the experimental and numerical calculations indi- 

ates that the computed thermal cycles can be used for the calcu- 

ations of hardness with confidence. 

Accurate thermal cycles can be extracted at any location in the 

eposit from the numerically computed 3D, transient temperature 

elds. For example, Figs. 5 (a-d) show the temperature distribu- 

ions on the longitudinal plane while depositing four layers based 

n which thermal cycle is calculated at a location ‘A’ in the first 

ayer ( Fig. 5 (e)). During the deposition of the first layer, the lo- 

ation ‘A’ experiences the maximum temperature. As subsequent 

ayers are deposited, the laser beam moves away from the loca- 

ion ‘A’ which reduces the temperature at that location. The peak 

emperature at location ‘A’ decreases as more layers are deposited 

 Fig. 5 (e)). In addition, the location ‘A’ experiences repeated heat- 

ng and cooling cycles during the deposition of four layers. The re- 

eated heating and cooling affect the hardness at ‘A’ during the 

eposition process. For example, after the deposition of the first 

ayer, the hardness at ‘A’ is very high (around 325 VHN in Fig. 5 (f))

ue to the formation of martensite. Martensite forms because the 

ooling rate (slope of the computed thermal cycle while depositing 

he first layer) at the martensite start temperature (around 590 K) 

18] is about 300 K/s which is much above the critical cooling 

ate [18] of martensite formation (1 K/s) for H13 tool steel. Re- 

eated heating and cooling during the deposition of subsequent 

ayers transforms martensite to tempered martensite (increasing % 

f tempering in Fig. 5 (f)) containing carbides rich in vanadium and 

hromium. The tempering decreases the hardness. Therefore, hard- 

ess at the location ‘A’ decreases with the deposition of the upper 

ayers as shown in Fig. 5 (f). 

Fig. 5 explains the variation in hardness at a fixed location ‘A’ 

n the first layer during the deposition of four layers. Similarly, the 

ariation in hardness can be calculated at any location at differ- 

nt layers. Fig. 6 and 7 explain the variation in hardness at four 

ifferent locations 1, 2, 3 and 4 at first, second, third and fourth 

ayers, respectively. Figs. 6 (a-d) show the temperature distribution 

n the longitudinal plane while depositing four layers from which 

he thermal cycles are calculated at the four locations. During the 

eposition of the first layer the location ‘1 ′ experiences the max- 

mum temperature. As subsequent layers are deposited the laser 

eam moves far from the location ‘1 ′ which reduces the tempera- 

ure at that location. Therefore, the peak temperature experienced 

y the location ‘1 ′ decreases as more layers are deposited as shown 

n Fig. 6 (e). Similarly, the locations indicated by 2, 3 and 4 experi- 

nce maximum temperatures during the deposition of the 2nd, 3rd 

nd 4th layers respectively. In addition, the thermal cycle at the 

ocation ‘1 ′ shows that the location experiences multiple repeated 

eating and cooling as more layers are deposited. In total, this lo- 

ation experiences four heating and cooling cycles during the de- 

osition of 1st to 4th layers as shown in Fig. 6 (e). Similarly, the lo-

ation ‘2 ′ experiences three heating and cooling cycles during the 

eposition of 2nd to 4th layers. Location ‘3 ′ and ‘4 ′ experience two 

nd one cycles, respectively ( Fig. 6 (e)). The repeated heating and 

ooling at each location affect their hardness variation during the 

eposition process ( Fig. 7 ). 

Calculated variations of hardness and percentage tempering of 

artensite at 4 layers (calculated at the four locations “1 ′′ to “4 ′′ 
hown in Fig. 6 ) during the depositions of 4 layers are shown in

ig. 7 (a) and (b) respectively. Fig. 7 (a) shows that after the deposi-

ion of the first layer, the location ‘1 ′ exhibits a very high hardness 

around 325 VHN) due to the formation of martensite (0% temper- 
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Fig. 5. Computed temperature and velocity fields on longitudinal plane (XZ as shown in Fig. 3 ) at the mid-width of the deposit during DED-L of H13 tool steel during the 

deposition of (a) 1st, (b) 2nd, (c) 3rd and (d) 4th layer. The results are for 250 W laser power and 8.47 mm/s scanning speed. Other process parameters are given as set 1 in 

Table 3 . ‘A’ is a fixed location at the 1st layer as shown in the figures. (e) Thermal cycle calculated at the location ‘A’ while depositing the 4 layers. (f) Calculated variation 

in hardness and percentage tempering of martensite at location ‘A’ during the deposition of 4 layers. 
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ng in Fig. 7 (b)). Similarly, very high hardness values are observed 

t locations 2 (layer 2), 3 (layer 3) and 4 (layer 4) after the depo-

ition of the 2nd, 3rd and 4th layers respectively. Repeated heat- 

ng and cooling during the deposition of subsequent layers temper 

artensite ( Fig. 7 (b)) which decreases hardness ( Fig. 7 (a)). There- 

ore, hardness decreases with the deposition of upper layers. Re- 

uction in hardness is greater for a location that experiences a 

igher number of heating and cooling cycles. For example, the lo- 

ation ‘1 ′ (in layer 1) exhibits the least hardness ( Fig. 7 (a)) after

he deposition of the 4th layer since it experiences four thermal 
7 
ycles which results in the highest amount of tempered marten- 

ite ( Fig. 7 (b)). The hardness at location ‘2 ′ after the deposition of 

he 4th layer is higher than that in location ‘1 ′ because location ‘2 ′ 
xperiences three thermal cycles. Therefore, at the end of the de- 

osition process (after depositing layer 4), the hardness decreases 

ith distance from the top of the part. The trend is also observed 

xperimentally ( Fig. 8 ). 

Fig. 8 shows that the calculated variation in hardness with the 

istance from the top of the deposit agrees well with the experi- 

entally measured values [20] for a 10-layer-high thin wall printed 
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Fig. 6. Computed temperature and velocity fields on longitudinal plane (XZ as shown in Fig. 3 ) at the mid-width of the deposit during DED-L of H13 tool steel during the 

deposition of (a) 1st, (b) 2nd, (c) 3rd and (d) 4th layer. The results are for 250 W laser power and 8.47 mm/s scanning speed. Other process parameters are given as set 1 

in Table 3 . ‘1 ′ , ‘2 ′ , ‘3 ′ and ‘4 ′ are four locations at 1st, 2nd, 3rd and 4th layers, respectively as shown in the figures. (e) Thermal cycle calculated at all four locations while 

depositing the 4 layers. 

u

e

a

a

T

c

p

p

s

t

s

n

b

(

sing gas-atomized powders of H13 tool steel. The hardness was 

xperimentally measured at various heights of the thin wall using 

 Vickers diamond indenter [20] . Hardness values are calculated 

t the corresponding locations where measurements were taken. 

he excellent agreement between the experimental and numeri- 

ally calculated results indicates that the numerical approach pro- 

osed here can be used for the hardness calculations in DED-L 
8 
arts with confidence. The two insets in the figure show the corre- 

ponding microstructure for two locations. Martensitic microstruc- 

ure results in a high hardness near the top and tempered marten- 

ite reduces the hardness near the bottom. A decrease in hard- 

ess with the distance from the top of the deposit is also observed 

oth numerically and experimentally at different scanning speeds 

 Fig. 9 ). Good agreements between the calculated and the mea- 
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Fig. 7. Calculated variations of (a) hardness and (b) percentage tempering of 

martensite at 4 layers (calculated at the four locations “1 ′′ to “4 ′′ shown in Fig. 6 ) 

during the depositions of 4 layers. The results are for 250 W laser power and 

8.47 mm/s scanning speed. Other process parameters are given as set 1 in Table 3 . 

Fig. 8. Comparison between experimentally measured [20] and calculated hardness 

variations with the distance from the top of the deposit during DED-L of H13 tool 

steel using the process parameters given as set 3 in Table 3 . The results are for a 10 

layers high thin wall printed using gas-atomized powders of H13 tool steel. The 

insets show the corresponding microstructure for two locations. Martensitic mi- 

crostructure (extremely fine lath martensite at light etching [20] ) results in high 

hardness near the top and tempered martensite (dark etching [20] ) reduces the 

hardness near the bottom. 

s
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n

Fig. 9. Comparison between experimentally measured [14] and calculated hardness 

variations with the distance from the top of the deposit during DED-L of H13 tool 

steel using the process parameters given as set 1 in Table 3 . For all cases laser 

power is 250 W. Multiple measurements are taken several times at the same height 

and an average value of hardness is reported. Error bars show the measurement 

error in hardness. 
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Fig. 10. Variation of hardness with heat input per unit length of the deposit (laser 

power / scanning speed). The plot is based on the experimental data for DED-L 

of H13 tool steel adapted from the literature [14] . Other process parameters are 

given as set 1 in Table 3 . The hardness values are measured at the top of the part 

containing martensite which does not experience any further heating and cooling. 
ured [14] hardness for 9-layer-high thin walls of H13 tool steel 

abricated are obtained at two scanning speeds ( Fig. 9 ). A small 

ifference between the calculated and the measured results is per- 

aps due to both the uncertainties in the hardness measurements 

nd the several simplifying assumptions in modeling to make the 

umerical calculations tractable. For example, re-austenization due 
9 
o reheating of martensite has been ignored for the following rea- 

ons. The formation of austenite from martensite is a diffusion con- 

rolled, relatively slow process and the time available for the re- 

eating of martensite to form austenite is very short, often frac- 

ion of a second. The re-austenization of martensite may happen 

nly during the deposition of the next layer where the tempera- 

ure may exceed the austenizing temperature for a very short time, 

nd the volume fraction of re-formed austenite is evidently small 

nough to ignore. In contrast, tempering of martensite takes place 

or the entire duration of the deposition of all layers. Most impor- 

antly, the trends in the computed hardness variation match fairly 
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Fig. 11. (a) Calculated thermal cycles at the 1st layer (on top surface at mid-length 

and mid-width of the track) during deposition of 4 layers at different laser powers. 

(b) Calculated hardness at 4 layers after the deposition process for two laser pow- 

ers. Hardness values are calculated on the top at the mid-length and mid-width 

of each layer. The results are for DED-L of H13 tool steel using scanning speed of 

8.47 mm/s and other process parameters are given as set 1 in Table 3 . 
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ell with the experimental observations when re-austenization is 

gnored and neglecting re-austenitization makes the calculations 

ractable with no apparent loss of accuracy. Fig. 9 shows that 

lower scanning which results in higher heat input, reduces hard- 

ess as explained below. 

Fig. 10 shows that a component built using a low heat input 

er unit length (laser power/scanning speed) exhibits a high hard- 

ess [14] . Low heat input results in a rapid cooling which forms 

ore martensite and makes the component harder. Variation in 

aser power which controls the heat input also affects the hardness 

 Fig. 11 ). First, a high laser power increases the heat input and de-

reases the cooling rate which as a result reduces the hardness as 

hown in Fig. 11 (b). In addition, a higher laser power increases the 

emperature as shown in Fig. 11 (a). A higher temperature results 

n a more pronounced reheating of the previously deposited layers 

hich transforms more martensite into tempered martensite and 

educes hardness. Therefore, hardness decreases with an increase 

n laser power at all four layers as shown in Fig. 11 (b). 
10 
. Summary and conclusion 

A property prediction model which is a combination of a heat 

ransfer and fluid flow model of DED-L and a Johnson-Mehl-Avrami 

JMA) based kinetic model is used to predict hardness in H13 tool 

teel components. The thermal cycles at several locations in the 

omponent, computed from the heat transfer and fluid flow model, 

re tested using independent experimental results. Isothermal ag- 

ng data of H13 tool steel are used to estimate the constants of 

MA equation. The JMA equation is integrated over the calculated 

hermal cycle to predict the hardness. Calculated hardness values 

atch well with independent experimental data. Below are the 

pecific findings. 

(1) The hardness of H13 tool steel is correctly predicted as a 

function of process variables using a heat transfer and fluid 

flow model, a model for phase transformation kinetics and 

tempering data. 

(2) The hardness of a location in the component continues to 

decrease with the intensity, duration and the number of re- 

peated thermal cycles. Martensite that forms due to high 

cooling rates in DED-L subsequently decomposes into tem- 

pered martensite because of tempering that involves multi- 

ple thermal cycles. As a result, hardness of the component 

decreases. 

(3) Lower layers of a component experience a greater number 

of thermal cycles during the deposition of subsequent lay- 

ers and exhibit lower hardness due to tempering. Therefore, 

hardness decreases with the distance from the top of the de- 

posit. 

(4) High heat input due to high laser power and slow scanning 

speed results in low cooling rate and decreased hardness. 

In addition, high heat input increases the temperature at a 

given location and forms tempered martensite. Due to both 

these reasons, components made with higher heat input ex- 

hibit lower hardness. 

The quantitative approach used here can also be expanded for 

redicting hardness in other commercial alloys, such as precipita- 

ion hardened nickel base superalloys, at least in principle. How- 

ver, because of the complexity of aging of such alloys, calcula- 

ion of hardness is not straightforward. More work is needed to 

evelop aging kinetics of these alloys before they can be inte- 

rated with the computed thermal cycles. [ 42 , 43 ]. Similar hardness 

an be obtained in a part consisting of different combinations of 

icrostructures. It is not straightforward to calculate hardness by 

apturing the effects of all possible phases and thus is left as a 

uture work. Since the spatial and temporal variation of hardness 

strength) can be predicted as a function of process variables, con- 

rol of microstructure and properties are within reach of the ma- 

erials research community, at least for relatively simple alloys. 
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ppendix. : Solid state phase transformation of martensite to 

empered martensite 

H13 tool steel is a martensitic steel which forms martensite at 

 very low cooling rate of 0.1 °C/s as evident from the CCT dia- 
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Fig. A1. (a) Continuous cooling transformation (CCT) diagram of H13 tool steel. Adapted from [18] . (b) Formation of chromium and vanadium rich carbides in the tempered 

martensitic microstructure during additive manufacturing of H13 tool steel [44] . Formation of (c) martensitic structure in the as-deposited part and (d) tempered martensitic 

structure with carbide precipitates after the part experiences reheating and cooling during the deposition of subsequent layer [23] . 
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ram ( Fig. A1 (a)). In directed energy deposition of H13 tool steel, 

he cooling rates are significantly higher than this critical cool- 

ng rate of martensite formation. Therefore, additive manufactured 

13 tool steel components are known to exhibit martensitic mi- 

rostructure. However, the extent of formation of martensite de- 

ends on the martensite start (Ms in Fig. A1 (a)) and finish tem- 

eratures both of which may vary depending on the austenizing 

emperature ( Fig. A1 (a)). If the lowest temperature in a thermal 

ycle during cooling is above the martensite start temperature, no 

artensite forms. In contrast, 100% martensite forms when the 

owest temperature is below martensite finish temperature. How- 

ver, for H13 tool steel, often the martensite finish temperature 

s below the room temperature. For most of the cases of addi- 

ive manufacturing of H13 tool steel, the lowest temperature of 

he thermal cycle is between the martensite start and finish tem- 

eratures indicating a presence of metastable austenite along with 

artensite. The martensitic microstructure is reheated and cooled 

uring the deposition of subsequent layers resulting in transforma- 

ion of the martensite to tempered martensite. Tempered marten- 

itic microstructure consists of fine carbides (~ 1 μm in size) of 

hromium and vanadium ( Fig. A1 (b)) which significantly affect the 

ardness. Martensite laths ( Fig. A1 (c)) can be observed in the as- 

eposited layers during additive manufacturing of H13 tool steel. 

he tempered martensitic structure ( Fig. A1 (d)) due to reheating 

nd cooling because of deposition of multiple layers shows carbide 
11 
recipitates along the grain boundary. The extent of transforma- 

ion of martensite into tempered martensite depends on the tem- 

erature variation which is significantly affected by the processing 

onditions used in additive manufacturing. 
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