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a b s t r a c t 

Functionally graded materials (FGMs) with site specific chemical composition are commonly manufac- 

tured by directed energy deposition (DED). Although previous work fabricated an FGM with a composi- 

tional variation between a ferritic and austenitic alloy, difficulties arose due to variations in deposit shape 

with composition change. This problem also occurs for FGMs in literature; however, unlike other cases, 

the thermophysical properties of these two alloys were similar throughout the build. Here, we investigate 

the role of chemical composition and surface-active elements on deposit geometry during the manufac- 

ture of FGMs by laser DED. Single-track experiments for the relevant FGM compositions are analyzed with 

results from a well-tested, three-dimensional, transient numerical heat transfer and fluid flow model and 

thermodynamic calculations. Experiments showed deposit shape varied as a function of composition for 

constant laser power and scan speed. Thermodynamic analysis indicated that the oxygen solubility in 

the fusion zone varied significantly for each composition used for the FGM. Numerical modeling revealed 

that the change in fluid flow caused by Marangoni convection due to dissolved oxygen in the fusion zone 

were mainly responsible for the changes in deposit shape observed in experiments. Because oxygen can 

be introduced into the fusion zone through the feedstock as well as the surrounding atmosphere, these 

findings elucidate a previously unconsidered aspect of process control during DED fabrication of FGMs. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Additive manufacturing allows the printing of unique metallic 

arts with site-specific chemical composition and properties [1–3] . 

his design, known as functionally graded material (FGM), cannot 

e easily made by conventional manufacturing. Their functionality 

s attracting many applications. For example, an FGM could pre- 

ent creep failure of dissimilar metal joints between a ferritic and 

n austenitic alloy by slowing down the diffusive migration of car- 

on [4] . Directed energy deposition (DED) is commonly used for 

he manufacturing of FGMs, where the chemical composition of 

ach layer gradually changes along the build direction. The utility 

f FGMs is well recognized, but their manufacturing and qualifi- 

ation require close attention to process planning, process control, 

nd most importantly, defect mitigation. 

Achieving superior properties and serviceability requires the se- 

ection of appropriate process parameters [ 5 , 6 ], often following 

achine manufacturers’ recommendations, and increasingly using 

achine learning [7] . After an AM build begins, the sensing and 
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ontrol hardware and software perform two main tasks, control 

art geometry and reduce defects. Sensing often involves measure- 

ent of fusion zone attributes because the fusion zone geometry 

nd temperature distribution affect the defects, microstructures, 

nd properties [8] . Therefore, it is important to understand the fac- 

ors that influence the fusion zone attributes of FGMs. 

Several factors influence fusion zone geometry and tempera- 

ure profiles [ 9 , 10 ]. The first factor is thermal diffusivity, which

epends on thermal conductivity, density, and specific heat of the 

aterial and affects the conduction of heat in the build. Thermal 

iffusivity typically varies along the build direction in FGMs be- 

ause of the changes in the alloy composition and thermophysi- 

al properties. This variation may affect the fusion zone geometry 

nd temperature profiles even when the laser power and scanning 

peed are kept constant. Secondly, heat is transported by convec- 

ion within the fusion zone. The liquid metal undergoes vigorous 

ecirculatory flow within the melt pool owing to the Marangoni 

ffect [ 9 , 10 ]. Because of the spatial variation of temperature from 

he middle of the melt pool to its periphery, a spatial gradient 

f interfacial tension, known as Marangoni stress, is established. 

his stress is a powerful driver of convective flow. Convective heat 
ransfer is often the dominant mechanism of heat flow within the 

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120526
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2020.120526&domain=pdf
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Table 1 

Chemical composition (in wt%) of materials as provided by the manufacturers. The compositions of the baseplate, Pyromet® 800 

(i.e., 800H) and Fe powder are balanced with Fe, and single values in the baseplate composition represent maximum allowable 

concentration. 

Material Al Cr Mn Ni Si Ti C O S Other 

Baseplate - 2.0-2.5 0.3-0.6 - 0.50 - 0.05-0.15 0.035 0.035 0.035P, 0.90-1.1Mo 

Pyromet® 800 0.38 21.0 0.88 34.0 0.62 0.41 0.095 0.015 0.006 0.003P, 0.003N 

Fe Powder 0.002 0.002 - 0.03 - - 0.003 0.01 - 0.007Co 

Cr Powder 0.02 Bal. - - 0.01 - 0.02 0.02 0.01 0.02Fe 
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usion zone and it affects the geometry of the fusion zone and the 

emperature profiles in the entire component [ 9 , 10 ]. 

The convection pattern in the melt pool is significantly influ- 

nced by the direction of the Marangoni stress [11–14] . In most al- 

oys, the interfacial tension decreases with the increase in temper- 

ture, and the liquid metal flows from the middle of the melt pool 

o its periphery resulting in a wide and shallow melt pool [11–

3] . However, the flow pattern changes dramatically when surface- 

ctive elements, i.e., the alloying elements that have large negative 

nthalpies of segregation such as oxygen and sulfur are present in 

he melt [14] . In melts containing these elements, the convective 

ow pattern reverses and the liquid metal flows from the periph- 

ry to the middle and then goes downward. As a result, the fusion 

one tends to be relatively narrow and deep [11–14] . Similar obser- 

ations have been made in laser based DED processing of a range 

f alloy systems containing sulfur, including Co-based [15] , Ti-6Al- 

V [16] and Inconel 718 [17] alloys. Though most DED processes 

re carried out in an inert gas chamber with atmospheric oxygen 

n the order of 10 parts per million (ppm) [18] , oxygen and sulfur

xist in the powder feedstock and can increase if powder is reused 

19] . Elmer et al. [20] recently showed that a significant amount 

f oxygen can dissolve in alloys from the environment during AM 

hen no purge gas was used during wire arc additive manufactur- 

ng, showing the importance of atmospheric control. 

Since the local alloy composition varies in different layers in 

GMs, the oxygen solubility also varies with composition. Both the 

lloy composition and the oxygen concentration may change in dif- 

erent layers along the build direction. While the effects of surface- 

ctive elements have been studied widely in the welding literature 

11–14] , the consequences of these effects combined with changing 

omposition are presently unstudied for the fabrication of FGMs. 

ecause surface-active elements change the shape of the molten 

ool, the spatial variation of oxygen solubility along the build di- 

ection has the potential to affect the production of FGMs pro- 

oundly. Significant changes in the fusion zone shape and size can 

ead to lack of fusion defects [ 5 , 21 ] and deviations of the final

art geometry from the target value. A better understanding of the 

omposition-dependent, layer-wise variations of oxygen concentra- 

ions and the associated effects are needed to achieve sound un- 

erstanding of the production of FGMs by DED and improve pro- 

ess control. Furthermore, no data or analysis of the role of oxygen 

n the production of FGMs are presently available in the additive 

anufacturing literature. 

Here, for the first time, we present data and analysis about the 

ole of oxygen in the manufacture of FGMs by DED-L. This work 

uilds off previous work of a fabrication of an FGM of ferritic al- 

oy 2.25Cr-1Mo steel to austenitic alloy Alloy 800H [4] . Single-layer, 

ingle-pass deposits are made of each composition in the FGM to 

solate the effects of composition on the deposit shape. The ef- 

ects of oxygen solubility in the molten pool are explained through 

hermodynamic analysis of oxygen activity for each composition in 

he FGM combined with both characterization of the experiments 

nd a well-tested numerical model. Uniquely, the numerical model 

onsiders the temperature dependence of surface tension consid- 

ring sulfur and oxygen activity in the alloy. Overall, this investi- 

s  

2 
ation details the effect of surface-active elements during the pro- 

essing of FGM by DED, which will benefit the design and process 

ontrol of FGMs. 

. Methods 

.1. Experiments 

Commercially pure Fe and Cr powders (Atlantic Equipment En- 

ineers, Micron Metals, Inc.) were mixed with pre-alloyed Micro- 

elt® Pyromet 800 powder (Carpenter Powder Products), here- 

fter referred to as “800H”, to replicate the compositional grading 

chieved in the fabrication of previous functionally graded struc- 

ures [4] . All powders had a size range between 45 and 145 μm 

n diameter, and the compositions are listed in Table 1 . Powder 

ixtures ranging from 10 to 60% 800H, by weight, were deposited 

nto a 150 mm x 150 mm x 12.7 mm normalized and tempered 

AE387 Grade 22 steel substrate (American Alloy Steel) in an Ar 

as environment using a laser based DED process. A partial gra- 

ient from 10 to 60% 800H was used for the analysis because a 

ull composition gradient from 10 to 100% 800H was previously 

eemed unnecessary for the FGM to fulfill its designed functional- 

ty. Prior to deposition, the steel substrate was ground to remove 

he oxide scale and cleaned with acetone. A scanning speed of 10.6 

m/s, powder flow rate of 15 g/min, and 4 mm laser beam di- 

meter were held constant for all deposits. A schematic diagram 

f the FGM between 2.25Cr-1Mo steel and Alloy 800H on which 

hese deposits are based is shown in Fig. 1 (a). Fig. 1 (b) shows the

esigned concentration profile, showing the stepwise variation in 

omposition and indicating that single-track depositions of each 

egion will display similar behavior. Additional details on the ex- 

erimental setup can be found in related work [ 4 , 22 , 23 ]. 

Metallographic cross sections approximately 3 mm thick were 

xtracted perpendicular to the scanning direction using an abra- 

ive saw at a location near the middle of each deposit. The sam- 

les were mounted in epoxy and ground with a series of silicon 

arbide papers up to P20 0 0 ISO grit size to remove damage from 

ectioning. A mirror finish was obtained by polishing with 3 and 1 

m diamond suspensions followed by a final polishing step with 

.05 μm colloidal silica. Micrographs of the transverse cross sec- 

ions were acquired using an optical microscope. All measurements 

nd image analysis of metallurgical cross-sections were performed 

sing ImageJ [24] . The remaining portions of the deposit were ana- 

yzed by optical profilometry measurements using a Keyence VHX- 

0 0 0 digital optical microscope to obtain width and height mea- 

urements along the length of the deposit. 

Fig. 2 shows a schematic illustration of the locations where 

easurements were made of the size of the cross section in both 

he experiments and model results. The dilution depth, d , is de- 

ned as the maximum penetration into the substrate measured 

rom the original location of the top of the substrate. The deposit 

idth, w , represents the length between the two contact points of 

he bead on the substrate surface. The melted area below the sub- 

trate, A , and the area of the deposited bead material, A , are used
d b 
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Fig. 1. (a) A schematic diagram of the functionally graded material between 2.25Cr-1Mo steel and Alloy 800H. (b) Designed concentration profiles of Fe, Ni, Cr, Si, Ti and Al 

along the build direction. 

Fig. 2. Schematic of a deposit with the dilution area (A d ), bead area (A b ), bead 

height (h), and dilution depth (d) labeled. 
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o define the percentage of dilution as, 

 = 

A d 

A b + A d 

× 100 (1) 

.2. Modeling 

To evaluate the effects of alloy composition on molten pool ge- 

metry, equilibrium thermodynamic calculations are used to deter- 

ine the activity of surface-active elements and to estimate ther- 

ophysical properties for each alloy composition. Various software 

ackages with their accompanying databases use the CALPHAD 

ethod [25] to calculate phase equilibria and thermodynamic pa- 

ameters in multi-component alloys. In this work, JMatPro® V8 

26] was used with the General Steel database to calculate oxygen 

nd sulfur activities and the accompanying thermophysical prop- 

rties for the alloy compositions which comprise this FGM. The 

alculations of surface tension containing surface active elements 

re described in the Appendix and the corresponding thermophys- 

cal properties used for numerical simulations are shown in Table 2 

26] . 

Calculated thermophysical properties are then used in a numer- 

cal heat transfer and fluid flow model to determine the 3D tem- 

erature and velocity fields and molten pool geometries for each 

lloy composition. The heat transfer and fluid flow model solves 

he governing equations for conservation of mass, momentum, and 

nergy, respectively defined as [27] , 

∂ ( ρu i ) 

∂ x 
= 0 , (2) 
i 

3 
∂ 
(
ρu j 

)
∂t 

+ 

∂ 
(
ρu j u i 

)
∂ x i 

= 

∂ 

∂ x i 

(
μ

∂ u j 

∂ x i 

)
+ S j (3) 

∂h 

∂t 
+ 

∂ ( ρu i h ) 

∂ x i 
= 

∂ 

∂ x i 

(
k 

C p 

∂h 

∂ x i 

)
− ρ

∂�H 

∂t 
− ρ

∂ ( u i �H ) 

∂ x i 
+ S V 

(4) 

Here, ρ is the density, x i is the spatial position on the i -axis 

 i = 1 , 2 , 3 , corresponding to Cartesian x, y, z), u i and u j are veloci-

ies in the i and j directions ( j = 1 , 2 , 3 ), t is time, μ is the dynamic

iscosity, h is specific effective heat, C p is specific heat, and �H is 

he latent heat content. The volumetric source term for the mo- 

entum equation in the j -direction is S j , which is defined by the 

arangoni stress on the surface [27] . The volumetric term for the 

nergy equation S V is defined by the heat input from the Gaussian- 

istributed heat source [27] , heat loss from radiation and natural 

onvection at the free surface [27] , forced convection due to gas 

ow [28] , and vaporization heat loss at the free surface [29] . 

The domain consists of cells with either alloy or gaseous prop- 

rties. Temperature-dependent material properties for the alloys 

re listed in Table 2 and the gas properties for the energy equa- 

ion are approximate values for argon ( k = 2 . 6 e − 3 J m 

−1 K 

−1 ,

 p = 520 J k g −1 K 

−1 , ρ = 0 . 974 kg m 

−3 ) [30] . Solid material and gas

re considered stationary for the solution of the mass and momen- 

um governing equations. Boundary conditions for the at the edge 

f the domain are natural convection ( h c = 8 . 4 J m 

−2 s −1 K 

−1 ) and

adiation to ambient temperature (298 K). 

The details of the discretization using the finite difference 

ethod and solution using the semi-implicit method for pressure- 

inked equations are described by Patankar [31] and others [ 27 , 

2 ]. Convection is the dominant mechanism of heat transfer in AM 

 9 , 10 ] and is driven by the spatial gradient of surface tension. In

he absence of surface-active elements, such as oxygen and sul- 

ur, the temperature coefficient of surface tension is typically a 

egative constant, meaning liquid metal will flow outwards from 

egions of high to low temperatures. However, the presence of 

urface-active elements can cause inward liquid metal flow result- 

ng from the depression of surface tension at temperatures slightly 

bove the liquidus temperature. A theoretical description of the 

urface tension of molten alloys with surface-active elements has 

een developed for calculating surface tension in binary [14] and 

ernary [33] alloys, and it is described in Appendix A.2 . Using this 
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ethod, the surface tension of each alloy was be calculated as a 

unction of temperature for each composition. 

The free surface profile of each deposit is calculated by cou- 

ling the transient heat transfer and fluid flow model to a surface 

nergy minimization model, which is based on a method originally 

eveloped for simulation of arc welding [ 34 , 35 ]. An iterative pro-

edure was used to solve for the three-dimensional velocity com- 

onents, sensible heat, and pressure at each time step. After the 

ime step is converged, the deformation of the current surface, φ, 

s calculated by solving the equation governing the energy needed 

o deform the free surface of the molten pool using the method of 

agrangian multipliers with the Gauss-Seidel method [35] , ( (
1 + φ2 

y 

)
φxx − 2 φx φy φxy + 

(
1 + φ2 

x 

)
φyy (

1 + φ2 
x + φ2 

y 

)3 / 2 

) 

= ρgφ + P a + λ (5) 

nder the constraint, 
 

A 

φdA − ˙ V �t = 0 (6) 

The Lagrangian multiplier is λ, external pressure acting on the 

urface is P a ( P a = −2 γ κ by Young-Laplace equation), and g is ac- 

eleration due to gravity. The constraint provides that the total vol- 

me added by deforming the surface area, A , by distance φ is equal 

o the volume added in the time step, ˙ V �t . The volume added is 

alculated based on the ratio of area of the powder stream (equal 

o the laser beam diameter) incident on the molten pool over the 

rea of the entire powder stream [ 36 , 37 ]. Material with temper- 

ture T < T S does not deform. Once the surface deformation is 

olved, any control volumes newly enclosed by the surface are up- 

ated to have properties of the deposited material. The next time 

tep is then executed, temperature and velocity fields converged, 

he free surface calculated again, etc. Further details of the free 

urface calculations are available in the literature [ 34 , 35 ]. 

. Results and discussion 

.1. Variations in chemical composition and bead geometry 

Changes in alloy composition and laser power have noticeable 

mpacts on the size and shape of the as-deposited pool geometry. 

n the case of changes in composition, as shown in Fig. 3 , increases

n the amount of 800H in the powder feedstock produce changes 

n both the deposit width and depth. Based on the measurements 

f total melted area ( A b + A d ) and the size of the dilution region

ith changes in laser power, which are shown in Table 3 , increas- 

ng laser power causes an increase in the overall dimensions of the 

eposit regardless of composition. On the other hand, increases in 

he amount of 800H added to the powder feedstock produced no 

onsistent trend in the total melted area, indicating that changes 

n laser power are responsible for the total volume of the molten 

ool, while changes in composition impact the shape. 

In addition to changes in the size and shape of the deposit, 

hanges in chemical composition have an impact on the amount 

f substrate melted or dilution depth. For all laser powers, the 10% 

00H case had the deepest dilution depth, as shown in Table 3 . 

he bottom edge of the fusion zone that penetrates the substrate 

lso varies in shape as the 800H alloy content increases. For ex- 

mple, with an addition of 10 % 800H, the fusion zone bound- 

ry is semi-circular, and it becomes flatter and shallower as more 

00H is added. Since the thermophysical properties of the alloys in 

able 1 are similar, these changes in pool shape cannot be directly 

ttributed to differences in material properties, as will be discussed 

urther in Section 3.3 . 

Since changes in the deposit shape below the substrate surface 

an complicate the measurements of the deposit height and width, 
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Fig. 3. Transverse cross-sections of the deposits obtained during experiments. Bead shape can be seen to change as a function of composition and laser power (% 800H 

labelled on each column, total laser power labelled on each row). All images share the same scale, indicated by the scale bar at the bottom of the figure. 

Table 3 

Measurements obtained from metallographic cross sections of single bead deposits for different material compositions and laser powers. Errors from 

bead area are estimated from error in width and height and error for dilution error is taken as the same percent error as the corresponding bead 

area. Error is propagated to total melted area and dilution. Dilution depth error is equivalent to the corresponding height error in percentage error. 

Material 

Measurement Units Laser power [W] 10% 800H 20% 800H 30% 800H 40% 800H 50% 800H 60% 800H 

2000 1.61 ±0.3 1.43 ±0.4 2.07 ±0.2 1.62 ±0.4 1.59 ±0.2 1.59 ±0.3 

Bead area ( A b ) [mm 

2 ] 2500 1.79 ±0.2 1.95 ±0.2 2.05 ±0.3 2.15 ±0.2 2.10 ±0.2 2.84 ±0.3 

3000 2.14 ±0.3 1.94 ±0.3 2.19 ±0.5 2.36 ±0.3 2.66 ±0.2 2.40 ±0.3 

2000 0.38 ±0.1 0.62 ±0.2 0.42 ±0.1 0.53 ±0.1 0.50 ±0.1 0.54 ±0.1 

Dilution area ( A d ) [mm 

2 ] 2500 1.13 ±0.1 0.76 ±0.1 1.18 ±0.2 0.75 ±0.1 0.73 ±0.1 1.15 ±0.1 

3000 1.98 ±0.2 1.75 ±0.3 1.93 ±0.4 1.84 ±0.2 1.41 ±0.1 1.74 ±0.2 

2000 1.99 ±0.4 2.05 ±0.6 2.50 ±0.3 2.14 ±0.3 2.09 ±0.3 2.13 ±0.4 

Total melted area ( A b + A d ) [mm 

2 ] 2500 2.92 ±0.3 2.71 ±0.3 3.23 ±0.5 2.90 ±0.2 2.83 ±0.3 3.99 ±0.4 

3000 4.11 ±0.5 3.68 ±0.6 4.11 ±0.9 4.20 ±0.5 4.07 ±0.3 4.14 ±0.5 

2000 13 - 27 19 - 44 12 - 22 18 - 34 18 - 30 19 - 33 

Dilution [%] 2500 34 - 44 23 - 33 29 - 44 22 - 30 22 - 30 25 - 33 

3000 42 - 54 39 - 56 36 - 59 38 - 50 31 - 38 36 - 48 

2000 0.27 ±0.03 0.25 ±0.02 0.13 ±0.01 0.14 ±0.02 0.18 ±0.01 0.24 ±0.03 

Dilution depth ( d ) [mm] 2500 0.58 ±0.03 0.34 ±0.01 0.49 ±0.02 0.28 ±0.01 0.26 ±0.01 0.39 ±0.01 

3000 0.87 ±0.04 0.79 ±0.04 0.80 ±0.06 0.72 ±0.04 0.56 ±0.01 0.54 ±0.01 

Fig. 4. The effects of laser power and alloy composition on the (a) height and (b) width of single pass, single layer deposits. 
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ptical profilometry measurements across the length of the deposit 

ere made and are summarized in Fig. 4 (a) and (b), respectively. 

s shown in Fig. 4 (a), only small deviations in bead height were 

bserved with changes in the alloy composition, while laser power 

id not have any discernible impact. On the other hand, the de- 

osit width exhibits a general upward trend with increasing 800H 

dditions at each laser power, as shown in Fig. 4 (b). Increases in 

aser power also produce wider deposits for all compositions. 

.2. Effects of composition on surface tension 

In welding and AM processes, the addition of surface-active 

lements, such as oxygen and sulfur, is known to influence the 
5 
olten pool shape by altering Marangoni flow through changes in 

he temperature-dependent surface tension ( γ ) [ 11 , 38 ]. Through 

alculations of the activity of both oxygen and sulfur across the 

ange of FGM compositions, as described in the Appendix, impor- 

ant connections between composition, surface tension, and the 

eometry of the deposit were identified. As a baseline for calcu- 

ations to follow, the changes in the oxygen and sulfur activities 

cross a range of different oxygen and sulfur concentrations are 

hown in Fig. 5 (a) and (b), respectively. Significant differences in 

he oxygen and sulfur activities are evident with changes in both 

he overall FGM compositions and with increasing oxygen and sul- 

ur concentrations. For example, the calculated oxygen activities 

an be one to two orders of magnitude lower than the total oxy- 
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Fig. 5. The thermodynamic activities of (a) oxygen and (b) sulfur as a function of total alloy concentration in the liquid alloy at 1600 °C. 

Fig. 6. The equilibrium concentrations of (a) oxygen and (b) sulfur in solution as a function of total alloy concentration in the liquid alloy at 1600 °C. 
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en concentration, particularly with higher levels of 800H. Similar 

rends are observed with changes in the amount of 800H added 

o the FGM, with increases in the 800H levels from 10% to 60% 

esulting in a decrease in calculated oxygen activity of nearly two 

rders of magnitude. On the other hand, the calculated sulfur ac- 

ivities are much less sensitive to changes in the 800H additions 

nd differ by negligible amounts across the range from 10 to 60% 

00H. 

The differences in the response of the calculated oxygen and 

ulfur activities to changes in alloy composition are largely due to 

nteractions between alloying elements. In these alloys, changes in 

inor alloying element concentrations can affect the amounts of 

urface-active elements that remain in solution in the liquid al- 

oy. For example, the equilibrium solubilities of oxygen and sulfur 

n the liquid phase at 1600 °C are shown in Fig. 6 (a) and (b), re-

pectively. In contrast to the sulfur concentration, which does not 

hange with changes in the FGM composition, the oxygen solubil- 

ty is highly dependent on alloy composition, particularly at lower 

00H levels. Since Alloy 800H contains deoxidizing elements, such 

s Al, Si, and Ti, the amount of oxygen in the liquid solution de- 

reases as oxide inclusions form. On the other hand, similar sul- 

de inclusions are not thermodynamically stable in the liquid over 

hese composition ranges, and all available sulfur remains in liquid 

olution. 

Using the calculated activity values for each alloy mixture, the 

orresponding surface tension of the liquid alloys can then be de- 
6 
ermined as a function of temperature, as shown in Fig. 7 (a). At 

ower 800H levels, the calculated surface tensions are also signif- 

cantly lower, particularly in the 10% 800H mixture, than those 

bserved at higher levels of 800H. These differences are directly 

elated to the calculated activity values and the interactions be- 

ween deoxidizers such as Ti and Al and oxygen. The importance 

f the role of the minor alloying elements on the surface tension 

an be further evaluated by comparing these surface tension cal- 

ulations with those based on ideal solutions, in which the al- 

oying element interactions are ignored. As shown in Fig. 7 (b), 

he shapes of the curves for each mixture are nearly identi- 

al, since the effects of surface-active elements are unchanged 

ith regards to the chemical composition and changes in sur- 

ace tension are attributed only to the role of the major alloying 

lements. 

The temperature coefficient of surface tension ( d γ / dT ) can be 

xtracted from the slopes of the curves in Fig. 7 (a) and (b) to ob-

ain the direction and magnitude of convection. In Fig. 7 (c) and 

d), these values are plotted as a function of temperature for the 

ange of FGM compositions considering the interactions between 

lloying elements and an ideal solution, respectively. Across the 

ange of compositions, d γ / dT is positive near the liquidus temper- 

ture and becomes more negative as temperature increases. When 

n ideal solution is assumed and interactions between alloying el- 

ments are ignored, insignificant differences in d γ / dT are observed 

ver the range of alloy compositions, as shown in Fig. 7 (d). On 
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Fig. 7. The calculated temperature dependence of the surface tension (a) considering the interaction between alloying elements and (b) for an ideal liquid solution. The 

temperature coefficient of surface tension (c) considering the interaction between alloying elements and (d) for an ideal liquid solution. 
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o

he other hand, significant differences in the d γ / dT values are evi- 

ent with changes in the FGM compositions, as shown in Fig. 7 (c), 

hen interactions between alloying elements are taken into ac- 

ount. 

All d γ / dT values calculated across the range of alloy mixtures 

lso display a transition from positive to negative values at tem- 

eratures between approximately 2027-2327 K (230 0-260 0 °C). The 

emperature at which this transition from a positive to a nega- 

ive value is considered the critical temperature ( T crit ). In physical 

erms, T crit represents the temperature at which the liquid metal 

ow on the surface of a molten pool reverses from an outward 

o an inward direction, leading to changes in the deposit shape. 

hanges in the 800H addition for the different FGM compositions 

ave a clear impact on the calculated T crit values. This is shown 

n Fig. 8 , where the highest critical temperatures were observed at 

ow levels of 800H additions and continuously decrease as more 

00H is added to the FGM mixture. A higher the value of T crit gen-

rally indicates that inward flow will be more pronounced due to 

 larger region of the molten pool surface having a positive d γ / dT .

owever, because the temperatures in the molten pool are de- 

ermined by process parameters such as laser power, the direc- 

ion of fluid flow is not solely dependent on T crit . The connec- 

ion between T crit and fluid flow is discussed further in the next 

ection. 

.3. Molten pool geometry 

Changes in alloy composition characteristic of the grading used 

n the FGM have an impact on both the oxygen and sulfur activ- 
7 
ty and the resulting surface tension of the liquid metals because 

ll elements in an alloy affect the activity of elements. In order 

o correlate these changes with the resulting bead shape and size, 

eat transfer and fluid flow simulations of the AM process [ 9 , 10 ,

7 ] were performed. The impacts of changes in the composition 

n the calculated deposit shapes and sizes considering the oxygen 
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Fig. 9. Comparison of effect of oxygen and sulfur addition on simulated transverse cross-section bead shapes deposited with 20 0 0 W, 10.6 mm/s scanning speed, and 15 

g/min powder flow rate. (a-b) 10 % 800H alloy: a) with no oxygen and sulfur content, and b) considering composition with 0.05 wt% oxygen and 0.0151 wt% sulfur in 

solution, where a O = 0.0082 and a S = 0.0129. (c-d) 60 % 800H alloy: c) with no oxygen and sulfur content, and d) considering composition with 0.05 wt% oxygen and 0.0101 

wt% sulfur in solution, where a O = 0.0 0 0575 and a S = 0.0086. The black, dashed outlines show the bead shape as measured from the transverse micrograph. 
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Fig. 10. Three-dimensional views of the surface of the simulated molten pools and 

deposit geometry for process parameters of 20 0 0 W, 10.6 mm/s scanning speed, 

and 15 g/min powder flow rate using (a) 10 % 800H and (b) 60 % 800H. Both con- 

sider surface-active elements. Contours show the solidus (T S ), liquidus (T L ) and crit- 

ical (T crit ) temperature. Vector represent velocity, the magnitude of which can be 

approximated using the provided reference vector. Only half of the pool is shown 

for readability of velocity vectors. 
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i

nd sulfur activities calculated for each composition are shown in 

ig. 9 (a)-(d) for the 10% 800H and 60% 800H additions at a laser

ower of 20 0 0 W. These compositions are at the extremes of the 

omposition gradient for the FGM joint and encompass the range 

f oxygen and sulfur activities that will impact the resulting de- 

osit size and shape. 

From the comparison of the simulated bead shapes with those 

btained experimentally, as shown in Fig. 9 (a) through (d), the 

hanges in composition from 10% 800H to 60% 800H have a signif- 

cant impact on bead shape and size. In the case of the 10% 800H

ddition, the simulated deposit shapes, as shown in Fig. 9 (a) and 

b), vary when surface-active elements are considered. In particu- 

ar, the inclusion of oxygen and sulfur activity in the calculations 

f surface tension reduced the simulated deposit width by 23%, in- 

reased the height by 15%, and, most prominently, increased the 

enetration depth by 115%. With the 60% 800H addition, shown 

n Fig. 9 (c) and (d), the oxygen activity is lowered and has a de-

reased impact on the simulated deposit geometry, with the width 

eing reduced by only 14%, the height by 9%, and the penetration 

epth by 25%. 

Overall, when surface-active elements are not considered, the 

imulated shapes of the 10% and 60% 800H deposits were nearly 

dentical, indicating that the slight changes in thermophysical 

roperties as a function of composition play a negligible role in the 

xperimentally observed deposit shapes. In contrast, the inclusion 

f oxygen and sulfur in the model produced significantly different 

olten pool shapes for the two alloys. For 10% 800H, the molten 

ool shape produced a better match with the experimental results 

hen surface-active elements were considered, with errors of the 

imulation relative to the experiment being -19%, -14% and + 21% 

or the width, height, and depth, respectively. The results for 60% 

00H both with and without surface-active elements matched well 

ith the experimental results, with errors of the simulation rela- 

ive to the experiment being -14%, -3% and + 32% for the width, 

eight, and depth, respectively. The lower width and larger depth 

f with surface-active elements compared to experiments indicates 

hat the thermodynamic model may have even over predicted the 

xygen and/or sulfur activity for those composition. These results 

ndicate the amount of oxygen in solution drives the observed 

hanges in deposit geometries. 
8 
Moving beyond the deposit cross sections, three-dimensional 

alculations on the deposit surface provide more insight into the 

uid flow patterns driving the deposit shape. The impact of in- 

reasing 800H additions from 10% to 60% on the fluid flow patterns 

n the surface of the deposits is shown in Fig. 10 including oxygen 

nd sulfur activities. For example, fluid flow, which is illustrated 

y the vectors included in each figure, takes an inward direction at 

emperatures below T crit . With its higher critical temperature, the 

0% 800H deposit, shown in Fig. 10 (a), exhibits a larger region of 

nward fluid flow and larger inward velocities on the deposit sur- 
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Fig. 11. Simulated variation in pool (a) width, (b) height, and (c) depth as a func- 

tion of oxygen content and 800H content for a 20 0 0 W laser power and 10.6 mm/s 
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ace. The combination of these inward flow characteristics limits 

he amount of heat transfer to the edge of the pool, thus reducing 

he deposit width and increasing the depth as heat is concentrated 

t the center of the molten pool. On the other hand, the increase 

n the 800H addition shown in Fig. 10 (b) for a 60% 800H addition,

roduces a different flow pattern, with the fluid flow directed in 

 mostly outward direction, thus producing a wider and shallower 

eposit shape. 

Many of the trends observed from the simulations in Figs. 9 and 

0 can be understood from the impact of surface tension on the 

hape of the AM fusion zones. The negative value of the temper- 

ture coefficient for the pure alloys indicates that fluid will flow 

rom the center of the pool, which is characterized by high tem- 

eratures and low surface tension, to the edge of the deposit, 

here the temperatures are lower and the surface tension is high. 

he resulting fluid flow leads to enhanced radial heat transfer and 

roduces a wide and shallow molten pool. With the addition of 

urface-active elements, the temperature coefficient becomes posi- 

ive below the T crit value, and fluid flow will be reversed and orig- 

nate at the outer edges of the pool and move towards the middle 

f the pool. These higher levels of inward flow produce a deposit 

hich is more narrow and deeper than that observed in the ab- 

ence of these surface-active elements. In both cases shown here, 

he peak temperature was greater than T crit , but it is theoretically 

ossible to have the peak temperature below T crit to have only in- 

ard flow. This could be achieved by process control to lower the 

eak temperature or by increasing surface-active element activity 

o raise T crit . However, to consider either approach for process con- 

rol, alloy composition and the resultant effects on the part prop- 

rties would have to be assessed. 

While the previous calculations have been used to identify the 

ole of oxygen activity on both the surface tension values and de- 

osit size and shape, there is a need to clarify the relative sensi- 

ivity of the different alloys to the amount of oxygen present. It is 

ommon for oxygen levels to vary between different metal powder 

ources and to change with processing conditions [20] . To iden- 

ify how oxygen concentrations can impact deposit shape and size, 

xygen contents ranging from 0 to 0.1 wt% O ( i.e. , 0 to 10 0 0 ppm

) were used to simulate the pool geometry across the range of 

00H additions used in the fabrication of the FGM. Results of these 

imulations for width, height and depth of the deposits are shown 

n Fig. 11 (a) through (c). The amount of oxygen present in the 

ifferent alloys, particularly at compositions below 30% 800H ad- 

itions, can have a significant impact on the deposit geometries. 

t higher 800H additions, only small variations in deposit geome- 

ry are observed because even though a large amount of oxygen is 

resent, the activity of oxygen on the surface remains low because 

f the presence of Al, Si, or Ti which interacts with oxygen and re-

uces its concentration and activity in solution. While 0.1 wt% O 

s higher than any amount of oxygen in the materials used in ex- 

eriments for this study (0.01 – 0.035 wt% O), this higher level of 

xygen was simulated to highlight the difference that oxygen has 

n the molten pool shape for materials with and without deoxi- 

izing minor alloying elements. 

The results presented here directly show the effect of oxygen on 

ool geometry changes for composition changes in single passes, 

owever, they are indicative of the effects of oxygen as composi- 

ion throughout an FGM build. As material composition changes 

hroughout the FGM, a corresponding change in fluid flow and 

ool geometry based on the amount of oxygen in the molten pool 

ill occur, regardless of the layer number. Further, considering the 

dded complexities of boundary conditions in multilayer deposi- 

ions combined with effects of surface-active elements on molten 

ool fluid flow and geometry is of interest for future studies. In 

ractical terms regarding the production of FGMs by DED, these 

esults indicate that the use of machine manufacturer’s recom- 
r

9 
ended process parameters is not necessarily sufficient to keep 

he fusion zone shape and size constant and predictable. Further- 

ore, sensing and control models typically operate on the assump- 

ion that fusion zone attributes do not change when the scanning 

peed, power and other variables are kept constant. This assump- 

ion now needs to be reexamined to consider effects of oxygen in 

ach layer of the FGM. Especially in alloys like 2.25Cr-1Mo steel 

hat readily dissolve oxygen in the molten pool, oxygen concentra- 

ion of the shielding gas and other potential sources of oxygen in 

he material need to be controlled carefully to achieve repeatable 

esults. 



J.S. Zuback, G.L. Knapp, T.A. Palmer et al. International Journal of Heat and Mass Transfer 164 (2021) 120526 

4

u

p

1

i

i

b

o

l

l

o

c

o

t

D

c

i

C

G

W

i

b

t

A

D

g

A

c

A

m

t  

a

a

w

e

r

p

r

J

b

F  

r

F

w  

a

s

t

t

m

[

P

w

a

d  

a

p

w

i

p

o

t

e

A

t

a

i

s

b

γ

. Summary and conclusions 

A combination of experiments and numerical simulations was 

sed to investigate the underlying cause of variations in the molten 

ool geometry in functionally graded materials between 2.25Cr- 

Mo steel and Alloy 800H along the build direction. These changes 

n deposit geometry were replicated through a series of exper- 

ments that represented changes in alloy composition along the 

uild direction. The changes in the alloy composition, particularly 

f aluminum and titanium along the build direction affected the 

ocal oxygen concentration in different layers. Deposits containing 

ow levels of 800H additions had high solubility and activities of 

xygen that resulted in relatively deep and narrow molten pools. In 

ontrast, deposits with higher levels of 800H additions had lower 

xygen activities, which resulted in wide and shallow pool geome- 

ries. The following are the main conclusions. 

1 During directed energy deposition of functionally graded mate- 

rials, the fusion zone geometry and temperature fields changed 

with alloy composition. The change was attributed mainly to 

the changes in oxygen concentration in the fusion zone owing 

to changes in alloy composition for the same oxygen concen- 

tration in the build environment. 

2 Variations in major alloying elements, which determine ther- 

mophysical properties, have negligible effects on the shape and 

size of the molten pool for the alloy compositions investigated. 

Surface-active elements, particularly oxygen, was the primary 

factor in changing the overall deposit geometry. The amounts 

of oxygen in solution affect the variation of surface tension with 

temperature and the convective flow during directed energy de- 

position. 

3 For all alloy compositions, the amount of oxygen in solution de- 

creased with increasing amounts of deoxidizing elements, like 

aluminum, titanium, and silicon. The removal of oxygen from 

solution reduces its activity, which is caused by interactions be- 

tween oxygen and deoxidizing elements. Consequently, material 

with higher amounts of 800H contain lower amounts of oxy- 

gen in solution because 800H alloy contains multiple deoxidiz- 

ing elements. 

4 The critical temperature within the molten pool, i.e. the point 

where the surface tension temperature coefficient changes from 

positive to negative, increases with higher activities of oxygen 

for all alloy compositions investigated. A higher critical tem- 

perature results in more pronounced molten pool flow inward, 

which results in a relatively deep and narrow deposit geome- 

try. In this case, the critical temperature is highest for the 10% 

800H alloy (2290 K) and lowest for the 60% 800H alloy (2085 

K). 
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ppendix: Surface tension of multicomponent alloys 

ontaining surface active elements 

.1. Thermodynamic calculations 

In a multi-component alloy, interactions between alloying ele- 

ents generally cause the activity of an element to deviate from 

he behavior of in an ideal liquid. The activity of an element, i , in

 multicomponent alloy is expressed as: 

 i = exp 

(
μi − μ0 

i 

RT 

)
(A1) 

here μi is the chemical potential, μ0 
i 

is the reference state of 

lement i, R is the gas constant, and T is temperature. Here, the 

eference state is arbitrary, and is usually taken to be that of the 

ure element at standard pressure and temperature. A change of 

eference state is needed to convert the activity calculated from 

MatPro® to values with a 1 wt% reference basis. This was achieved 

y multiplying the calculated activity by a proportionality factor, 

 , which is the ratio of the activity values from the two different

eference states, 

 = 

a i 
a ′ 

i 

= 

1 

a ′ 
i 

(A2) 

here a i is the activity at i = 1 wt% in the 1 wt% reference state,

nd a ′ 
i 

is the activity at i = 1 wt% in the standard reference state. 

The modeling of thermophysical properties involves sequential 

teps. First, the equilibrium distribution of phases is determined 

hrough the minimization of the total Gibbs energy method using 

hermodynamic excess functions to account for the mixing of ele- 

ents. The property, P , of interest for each phase is expressed as 

39] : 

 = 

∑ 

i 

x i P 
0 
i + 

∑ 

i 

∑ 

j>i 

x i x j 
∑ 

v 

v 

i j 

(
x i − x j 

)v 
(A3) 

here P 0 
i 

is the property of the phase in the pure element, 
v 
i j 

is 

 binary interaction parameter between elements i and j depen- 

ent on the integer v , and x i and x j are the mole fractions of i

nd j in the phase, respectively. The effects of temperature on the 

roperty of a phase are accounted for through both P 0 
i 

and 
v 
i j 

, 

hich are temperature dependent. The total property of the alloy 

s then determined from the phase fractions and properties of each 

hase using the general law of mixtures [40] . The use of this type 

f model allows for the approximation of thermophysical proper- 

ies as functions of composition and temperature and accounts for 

ffects of multi-phase microstructures. 

.2. Calculation of multi-component alloy surface tension 

Li et al. [41] demonstrated that generally weak interactions be- 

ween surface-active elements allows effects of multiple surface- 

ctive elements to be additive when considering oxygen and sulfur 

n an Fe-Cr alloy. Combining this with the temperature-dependent 

urface tension derived by Sahoo et al. [14] , the surface tension can 

e written generally as, 

P − γ = 

N ∑ 

i 

RT �0 
i ln ( 1 + K i a i ) (A4) 
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The surface tension of the pure metal is γ P and γ is the surface 

ension of a binary mixture of the pure metal with element i , both 

t temperature T . The activity of element i in the mixture is a i and

he surface segregation (i.e., adsorption) at full coverage is given 

y �0 
i 

. K i is the adsorption coefficient and R is the universal gas 

onstant. The adsorption coefficient is defined by [ 14 , 33 ], 

 i = k i exp 

(
−�H 

◦
i /RT 

)
(A5) 

The entropy component of K i is included by k i , a constant re- 

ated to the entropy of segregation, and enthalpy component is in- 

luded by �H 

◦
i 

, the enthalpy of segregation. 

Differentiating Eq. A4 with respect to T gives the temperature 

oefficient of surface tension, 

∂γ

∂T 
= 

∂ γ P 

∂T 
−

N ∑ 

i 

[
R �0 

i ln ( 1 + K i a i ) + 

K i a i 

( K i a i + 1 ) 

�H 

0 
i 
�0 

i 

T 

]
(A6) 

hich is one of the main factors that determines the magnitude 

nd direction of fluid flow during DED-L. The values of �H 

◦
i 

, k i 
nd �0 

i 
for the Fe-O system compiled by Sahoo et al. [14] were 

sed for the calculation of surface tension of both 2.25Cr-1Mo steel 

nd 800H alloy containing O since the measured values are not 

vailable. 
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