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Abstract


The coefficient of linear thermal expansion and the specific heat capacity of laser-deposited Cu-Fe alloys fabricated from tin, aluminum, chromium bronze (89–99 wt.% Cu), and SS 316L were studied. The investigated alloys had a 1:1 and a 3:1 bronze–steel ratio. The Al–bronze-based alloy showed the lowest value of linear thermal expansion coefficient: (1.212 ± 0.095)∙10−5 K−1. Contrarily, this value was the highest {[(1.878–1.959) ± 0.095]∙10−5 K−1} in the case of functionally graded parts created from alternating layers of bronze and steel. Differential scanning calorimetry provided experimental results about the specific heat capacity of the materials. In the case of Al–bronze-based specimens, it demonstrated a decrease in the specific heat capacity until ~260 °C and its further increase during a heating cycle. Exothermic peaks related to polymorphic transformations were observed in the Al–bronze-based specimens. Cooling cycles showed monotonous behavior for specific heat capacities. It had exothermic peaks in the case of Cr–bronze-based alloys. A Lennard-Jones potential equation was used for testing the relation between heat capacity and thermal expansion. A three-way interaction regression model validated the results and provided the relative thermal expansion of commercially pure DED-fabricated SS 316L. Its specific heat capacity was also studied experimentally and was 15–20% higher in comparison to the traditional method of production.
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1. Introduction


Direct energy deposition (DED) is a reliable additive manufacturing technology [1,2,3], which allows the rapid accurate fabrication of parts with complicated geometry from a single material or several materials simultaneously without assembly operations [4,5,6]. Mentioned aspects are common advantages of overall additive manufacturing over conventional technologies [7]. These advantages are primarily provided by a layer-by-layer fabrication method and a high-resolution laser beam. The DED is widely used for producing new parts and repairing broken ones including the case of dissimilar materials [7]. This technology provides various applications, which can change parts’ properties by varying process parameters and reduce rheological instability [7]. Metallurgical issues such as residual stresses and cracks between dissimilar materials fabricated by the DED can be eliminated by various technological approaches [8]. They include making transitional areas in FGMs and performing post-treatment techniques [9].



Quasi-homogeneous alloys and functionally graded materials (FGMs) of the Cu-Fe system fabricated by the DED are very prospective for many practical applications. These materials combine the heat conductivity, thermal expansion, oxidation, and frictional resistance of bronze [10,11,12] with the mechanical strength, creep, and corrosion resistance of steel [13]. Hence, they are applied in aerospace, nuclear power plants (NPPs), steam turbine plants (STPs), and electronic component production [12,13,14]. The mentioned applications are commonly related to working in high-temperature conditions and conditions with rapidly changing temperatures. Therefore, the thermophysical characteristics of Cu-Fe laser-deposited materials (especially thermal expansion, heat capacity, heat conductivity, and thermal diffusivity) are essential to study specifically by experimental, analytical, and numerical methods. These characteristics play a significant role in developing and designing new 3D-printed materials. Today’s literature on the Cu-Fe system’s DED includes a poor amount of data attributed to this topic. Thermophysical characteristics of SS 316L and bronzes fabricated only by traditional methods were discussed in [15,16]. P. Hidnert [13] studied the CLTE of different kinds of bronzes (tin-zinc, leaded, aluminum, and silicon). P. Pichler et al. [15] precisely determined the thermophysical properties of SS 316L, including specific heat capacity, specific enthalpy, and thermal expansion. Still, there were a limited number of studies on the thermophysical properties of DED-fabricated Cu-Fe alloys [17]. Additionally, there are no studies today discussing the dependence between CLTE and the specific heat capacity of heterogeneous 3D-printed Cu-Fe alloys.



Differential scanning calorimetry (DSC) is a thermal analysis technique that measures the energy absorbed or released by a sample as a function of temperature or time [18] thus describing the thermophysical properties and phase transitions of various materials. In the current paper, the specific heat capacities of eight different laser-deposited Cu-Fe alloys were experimentally determined by DSC for both heating and cooling cycles. The CLTE of the mentioned materials was also empirically studied and compared with the characteristics of pure metals and their theoretically estimated values. The relationship between the energy of solid and mean interatomic distance, considering the Lennard-Jones potential derivative, provided an analysis of the correlation between CLTE and specific heat capacity. The experimental approach was verified by studying the parameters of commercially pure SS 316L using two different methods, including a three-way interaction regression numerical model. This model considered laser processing parameters to determine the CLTE of the deposited alloy.




2. Materials and Methods


2.1. Design of Experiment, Materials, and Set of Specimens


The experiment was aimed at the study of the DED-fabricated quasi-homogeneous alloys and sandwich structures of the Cu-Fe system. They were the object of interest because they could be implemented both by themselves and as transitional zones in FGMs [5,19,20,21,22,23] including the Cu-Fe system. Three common types of these structures were investigated in the research:




	
The first type—50 wt.% SS 316L + 50 wt.% bronze;



	
The second type—25 wt.% SS 316L + 75 wt.% bronze;



	
The third type—a multilayer gradient steel–bronze structure.








Simultaneous powder feed fabricated the 1st and the 2nd types. Alternated 250-μm-width layers created the 3rd type. The CLTEs of all materials were studied experimentally, analytically, and by the methods of numerical simulation. The specific heat capacity was investigated experimentally. The results were validated by the comparison of the proportionality factor A, evaluated by two methods from Grüneisen’s law.



The experimental specimens were built on a base of four materials, which were prospective for the fabrication of Cu-Fe FGMs [23]:




	
Stainless steel (SS) 316L–5520 (fraction 50–150 μm) manufactured by Höganäs Belgium SA;



	
Aluminum bronze, similar to UNS C61800 (fraction 45–125 μm), manufactured by Polema JSC (Tula, Russia);



	
Tin bronze, similar to the copper-tin alloy CuSn10-B/CB480K, (fraction 100–140 μm) manufactured by Polema JSC (Tula, Russia);



	
Chromium bronze, similar to UNS C18400 chromium copper, (fraction 63–125 μm) manufactured by Polema JSC (Tula, Russia).








Table 1 presents the chemical compositions of bronzes. The chemical composition of SS 316L is well-known and can be found in [24].



	
Therefore, 8 groups of parts were fabricated in total (the alloy of alternating layers of tin bronze and SS 316L was excluded from consideration because it showed poor laser manufacturability and did not obtain an appropriate shape during the fabrication because of low heat consumption and poor adhesion of Sn bronze and steel). The study [23] approved this methodology and tested this set of groups (Table 2). It discussed the applicability of these alloys as transitional zones of Cu-Fe FGMs fabricated via the gradient path method and the alternating layers technique [23]. Additionally, commercially pure SS 316L was studied to validate the model and results in the current research.







2.2. Operation Conditions of DED


	
The MX-1000 (InssTek, Daejeon, Republic of Korea) technological installation conducted DED in direct tooling mode [24]. In this mode, the laser power varied from low to high depending on the distance between a laser head and a melt pool. A 1 kW ytterbium fiber laser was the source of laser radiation. The scanning speed of all groups was 0.85 m/min. Gas flow rates amounted to: coaxial gas—0.85 L/min; powder gas—2.0 L/min; shield gas—10.0 L/min. Other fabrication conditions could be found in [23]. The geometrical parameters of the deposited powder beds were: bed height—300 μm; layer thickness—250 μm; bed width—800 μm; hatch spacing—300 μm.







2.3. Experimental Measurement of CLTE


CLTE was experimentally estimated using a heating plate and a hand caliper with 0.01 mm of uncertainty. Each part underwent 10 measurements of its length and width on a separate pair of prepared surfaces. A commercially pure DED-fabricated SS 316L part was analyzed by this method too. The heating cycle was from +21  ℃  (the initial temperature was equal to the room temperature) to +220  ℃ , respectively. The maximum temperature was lower than that of low-temperature bronze annealing. It was also significantly lower than the Curie temperature Tc of the SS 316L alloy. Heating over the Curie temperature significantly changes the trend of CLTE due to changes in the material’s magnetic properties [25]. The accuracy of a single CLTE calculation was estimated to be no worse than ±3·10−6 K−1. Therefore, the uncertainty of the arithmetic mean is


   α  B r − S S   = ± 3 ·   10   − 6   /   10   ≅ ± 9.5 ·   10   − 7   ,  



(1)




where «10» was a number of calculations. Subsequent research can optimize this uncertainty via more precise measurement methods and equipment.




2.4. Analytical Estimation of CLTE


A simple rule-of-mixtures Equation (2) [26,27] analytically estimated the 1st-approximation-dependence between CLTE and concentration of bronze and steel in the alloy:


   α  B r − S S   =   ∑  i   α i  ·  V i  =    N  B r    N  ·  α  B r   +    N  S S    N  ·  α  S S   ,  



(2)




where    V i    denoted a volume fraction of each binary alloy component;    N  B r    , % was a percentage of the bronze,    N  S S    —of stainless steel,   N = 100 %  ,    α  B r     and    α  S S     were the CLTE of pure bronze and pure stainless steel, respectively. This formula did not account for the appearance of new phases following 3D printing, which had CLTE that was different from the initial materials. It also did not consider a variation in the porosity in the parts. These parameters, if necessary, can be taken into account for more precise calculations.



In the temperature range of 0–100  ℃ , αss    ≅    1.60·10−5 K−1 [28];    α  B r   A l   ≅ 1.68 ·   10   − 5     K−1 [28] (aluminum bronze);    α  B r   C r   ≅ 1.65 ·   10   − 5     K−1 [28] (chromium bronze);     α  B r   S n   ≅ 1.80 ·   10   − 5     K−1 [29] (tin bronze). Here, αss,    α  B r   S n    ,    α  B r   A l    , and    α  B r   C r     were relevant to these materials created via traditional manufacturing methods. An analytical estimation method for the 3D-printed material is provided below in this Section 2.5. The calculations considered that CLTE in the whole range from 21  ℃ . to 220  ℃  did not depend on the temperature. In general, this dependence existed and had a substantially complex form. Each binary intermetallic compound of the laser-deposited alloy could be expressed as a sum of αlat + αel + αmag [30], and    α  l a t     ~    T 3    was a lattice contribution.    α  l a t     could be described in terms of the Debye theory. It became temperature independent at a level approximately above the Debye temperature.    α  e l     ~   T   was an electronic contribution.    α  m a g     was a magnetic contribution.    α  m a g     was temperature-independent in the paramagnetic range and tended to zero above the Curie temperature.



For 50/50 alloys (Groups 1–3)    N  B r     =    N  S S     = 50%; for 75/25 alloys (Groups 4–6)    N  B r   ≅ 75  %;    N  S S   ≅ 25  %. In the case of alternating layer gradient structures (Groups 7–8), CLTE was also gradient. The dependence between α and the vertical coordinate z μm was defined using the modified form of the rule of mixture [27,31]:


  α  ( z )  = V  ( z )  ·  α 1  +  (  1 − V  ( z )   )  ·  α 2  ,  



(3)




where V(z) was a volume fraction of constituents (SS, bronze), which obeyed a piecewise-defined function (4):


  V  ( z )  =  {      1 ,   if   500 · n < z < 250 ·  (  2 · n + 1  )  ,       0 ,   if   250 ·  (  2 · n + 1  )  < z < 500 ·  (  n + 1  )  ,       n = 0 ,   1 ,   2 ,   3 ,   …   149 .        



(4)







Within the certain neighborhoods of the irregular points z = 250∙n, the behavior of the function depended on the phase composition at the interface areas between steel and bronze. Most of all, it depended on the formation of intermetallic phases. If the shrinkage caused by the permeation of each sequential layer into the previous one and their partial intermixing were also considered, the V(z) equation would take on a more complicated form. However, the volume-mean average CLTE of FGMs in Groups 7 and 8 could still be estimated using Equation (2) under the assumption of    N  B r     =    N  S S     = 50% (same as for Groups 1–3).




2.5. Numerical Analysis of the Dependence between Thermal Expansion, Temperature, and Laser Treatment Parameters


Minitab software (Minitab Ltd., Coventry, UK) analyzed the dependence between CLTE and temperature. Parameters of PC: CPU—Intel® Core™ i7-7700HQ 2.81 GHz. RAM: 16.0 GB. OS: Windows x64. M. Yakout et al. [25] previously discussed the dependence between the CLTE, temperature, and parameters of the laser treatment regarding the pure 3D-printed SS 316L. The authors developed a three-way interaction regression model using Minitab and applied it to selective laser melting (SLM). This model provided accurate results for the DED process, too. According to it, the relative thermal expansion    ε T   , [μm/m] for   T ≤ 279   ℃   [25] was calculated for SS 316L using the following Equations (5)–(8):


   ε T  = a ·  T 2  + b · T + c ;    



(5)






  a = 0.009714 ;  



(6)






  b = 16.954 − 0.00577 · P − 14.98 · h + 0.0599 · P · h ;  



(7)






   c = 452 − 3.557 · P − 1.350 · v − 6925 · h − 0.001838 ·  P 2  − 10   399 ·  h 2  +    + 0.005893 · P · v + 40.28 · P · h + 11.47 · v · h − 0.05238 · P · v · h .   



(8)







Here, P,  v , and h were processing parameters. P was laser power, W;  v  was scanning speed, mm/s; h was hatch spacing, mm. In our case, h = 0.3 mm, Paverage = 308 W, and  v  = 0.85 m/min  ≅  16.67 mm/s. P,  v , and h were independent variables, P2,  v 2, and h2 were two-way interactions, T and T2 were the temperature variables, and P·T,  v ·T, h·T, P·    v  ·T, P·h·T were the interaction terms. According to [25], this model was accepted as statistically significant and had a standard deviation of S = 9.64627, coefficient of determination R2 = 99.99%, and the predicted residual error sum of squares PRESS = 11,785.3.



Equations (9) and (10) could be used to calculate CLTE from relative thermal expansion    ε T   :


  α  ( T )  =  1 L  ·   d L   d T   ,    



(9)






  d  ε T  =   d L  L  .  



(10)







The resulting Expression (11) provided the desired relation between CLTE and temperature:


  α  ( T )  =   d  ε T    d T   .  



(11)








2.6. Measurement of Specific Heat Capacity


Netzsch DSC 214 Polyma (NETZSCH Group, Selb, Bavaria, Germany) measured the specific heat capacity of fabricated materials (8 groups + commercially pure SS 316L). They were prepared as metal shavings and pressurized with a force of 700 kg  ×  s. A single metal «tablet» had 25 mg mass and 4 mm diameter. The mass of the specimens did not change after the experiments. Each tablet was heated from 40  ℃  to 300  ℃  at a speed of 10  ℃ /min. The measuring chamber was purged by nitrogen. Aluminum pans were used for the experiments. The precision of heat capacity measurements according to the instrument’s datasheet was  ± 2.5%.




2.7. Study of the Dependence between CLTE and Heat Capacity


V.A. Drebushchak and A.I. Turkin [32] investigated the relation between linear thermal expansion and heat capacity using the relation between the energy of a solid (E) and the mean interatomic distance (R):


   C p  = α · R ·   d E   d R   ,    



(12)




where Cp is a constant pressure heat capacity, α—CLTE.



The values of R(dE/dR) derived from the equation of Lennard-Jones potential U(R):


  U  ( R )  =  U 0  ·  (  − 2 ·    (     R 0   R   )   6  +    (     R 0   R   )    12    )  ,    



(13)




provided the sought dependence:


  α  ( T )  =  2  A ·  U 0    ·  C p   ( T )  ,    



(14)




which was valid for copper and other substances with metal interaction types between atoms [32]. This dependence allowed the estimation of a proportionality factor A between CLTE and heat capacity. In (14), U0 was a heat (enthalpy) of sublimation at a temperature T = 0 (it equaled 337 kJ/mol for Cu and 416 kJ/mol for Fe [33]), R0—minimum point of Lennard-Jones potential. This dependence is one of the possible forms of Grüneisen’s law.



The heat of sublimation at temperature T = 0 for the binary Cu-Fe system was assumed according to the rule-of-mixtures. For 1:1 alloys and sandwich structures (Groups 1–3, 7, and 8), it was:


   U 0  1 : 1   =    U 0  F e   +  U 0  C u    2  ,    



(15)




for 3:1 alloys (Groups 4–6):


   U 0  3 : 1   =    U 0  F e   + 3 ·  U 0  C u    4  .    



(16)







Relationship (17) connected specific and molar heat capacity:


   C p  =  c p  · μ ,    



(17)




where μ was a molar mass.    μ  C u   = 0.06355   kg/mol,    μ  F e   = 0.05585   kg/mol [33]. The molar mass of the Cu-Fe mixture according to the rule-of-mixtures was:


   μ  C u − F e   1 : 1   =    μ  F e   +  μ  C u    2    —    



(18)




for 1:1 alloys and sandwich structures (Groups 1–3, 7, 8);


   μ  C u − F e   3 : 1   =    μ  F e   + 3 ·  μ  C u    4    —    



(19)




for 3:1 alloys (Groups 4–6).



Equation (20) provided an average specific heat capacity in the range of 85–213 °C. The function    c p   ( T )    was approximated as a linear dependence in this range.


  〈  c p  〉 =    c p  85   ℃   +  c p  213   ℃    2  .      



(20)







The coefficient A from Equation (14) was calculated for all groups using the average experimental values of CLTE and the average experimental specific heat capacity (20). The validation of the results was provided by the evaluation of A of commercially pure SS 316L by two methods. The first one was based on the nonlinear regression model for CLTE and experimental values of specific heat capacity at particular temperature points (85 °C and 213 °C). The second is average experimental CLTE and average specific heat capacity.





3. Results


3.1. As-Built Parts


Figure 1 reports parts from 8 experimental groups fabricated for this research. The background squares were 10  ×  10 mm in size.




3.2. CLTE


3.2.1. Experimentally Measured CLTE


Figure 2 demonstrates the experimentally obtained CLTE of all groups.



The experimental CLTE for commercially pure SS 316L was equal to 1.820∙10−5  ±  9.5∙10–7 K−1.




3.2.2. Theoretically Calculated CLTE


Table 3 demonstrates estimated values of CLTE for all groups based on the CLTE of pure metals fabricated via traditional methods.




3.2.3. Calculation of Thermal Expansion Based on the Regression Models


Calculations based on the three-way interaction regression model gave the following results for SS 316L: b = 16.217600, c  ≅  −125.021612, and    ε T    = 0.009714∙T2 + 16.217600∙T − 125.021612. They provided values of    ε T    of SS 316L at concrete temperature points, particularly,    ε T  ≅    219.8 μm/m at room temperature (21  ℃ ),    ε T  ≅    3913.0 μm/m at 220  ℃ ,    ε T  ≅    1323.7 μm/m at 85  ℃ , and    ε T  ≅    3770.0 μm/m at 213  ℃ .



The resulting dependence   α  ( T )    derived from Equation (11) was as follows:


  α  ( T )  =  (  2 · a · T + b  )  ·   10   − 6   .    



(21)







It was valid for T  ≤  279 °C. From (21), the CLTE of SS 316L at 85  ℃  was 1.787∙10−5 K−1; CLTE at 213  ℃ —2.036∙10−5 K−1.





3.3. Specific Heat Capacity


Figure 3a shows the results of specific heat capacity measurements during a heating cycle, and Figure 3b—during the cooling cycle. Figure 4 demonstrates the specific heat capacity of commercially pure SS 316L measured over two heating and two cooling cycles. Blue and light-blue curves refer to heating cycles, and green and orange refer to cooling. All the cycles were conducted sequentially in the order as follows: heating cycle No.1, cooling cycle No.1, heating cycle No.2, and cooling cycle No.2. Delay between cooling cycle No.1 and heating cycle No.2 was more than 12 h.




3.4. Dependence between CLTE and Heat Capacity


The molar mass of materials of Groups 1–3, 7, and 8 was estimated as 0.05970 kg/mol; of Groups 4–6—0.06163 kg/mol. The heat of sublimation: for Groups 1–3, 7, and 8—377 kJ/mol; for Groups 4–6—357 kJ/mol.



Table 4 contains calculated average specific heat capacity values.



Table 5 shows calculated values of average molar heat capacity.



Table 6 demonstrates the resulting values of coefficient A from Equation (11). They were also calculated for both cycles—heating, and cooling.



Coefficient A of commercially pure SS 316L estimated using a regression model and experimental specific heat capacity at two points (85 °C and 213 °C) was equal to 8.43  ±  0.63 and 8.18  ±  0.61, respectively (Method 1). Coefficient A calculated from the average experimental CLTE value and average specific heat capacity between four cycles was equal to 8.99  ±  0.67 (Method 2). The mean deviation between the results of Method 1 and Method 2 was equal to 7.6%.





4. Discussion


4.1. Discussion of As-Fabricated Parts


As was seen in Figure 1, parts from Groups 6 and 7 demonstrated the same defect. It was a small knobble on the top surface of the part. It could be associated with powder that fell on the surface of the overheated part at the end of each layer while the laser was already turned off. Nevertheless, this defect was not observed in all other groups. A reason for this behavior was not evident. Presumably, the source of such a defect could be an imperfection in the substrate of these two parts. M. Liu et al. [34] discussed the same surface satellite defect as a balled-up protrusion. This study pointed out that such a defect was typically observed at the overlapping points between the start and end points of metal deposition. This defect could be typically machined off. Another possible source of the defect was a non-optimal powder feed rate, which delivered too much powder and caused a spatter [34,35].



The part of Group 5 demonstrated agglomerations of sintered powder particles on the side surface of the part. This effect was comparable to the lack of surface powder fusion caused by an excessive powder flow rate in relation to insufficient laser energy density imparted [34,36]. Chromium bronze was the base material for this group. This material had the highest percentage of copper (about 99%, see Table 1). Therefore, it needed an excessive energy input because of the low laser radiation absorption coefficient. Higher laser energy and a lower powder rate could resolve this problem [37]. Corresponding operation conditions for defective and non-defective parts were presented in [23]. The mentioned defects did not influence the conducted experiments because the measurements of CLTE were taken on the mechanically prepared surfaces, as mentioned above.




4.2. Discussion of CLTE


Parts of Groups 4 and 6 had the lowest experimental CLTE. Both of them had the highest bronze percentage (75%). Within these two groups, a non-gradient alloy based on aluminum bronze and SS in the ratio of 3:1 wt.% (Group 4) had the lowest CLTE: (1.212 ± 0.095)∙10−5 K−1. It indicated that this material had the best resistance to linear thermal deformation under the influence of high temperatures. Part of Group No.5 (Cr bronze + SS 316L) also had the same bronze percentage (75%). Still, it did not show such a low CLTE. The reason for it might be the formation of additional Fe-Cr phases in this alloy, and the absence of Fe-Zn, Fe-Sn, and Fe-Al.



All groups created via the alternating layers technique (No. 7–8) had the highest CLTE ([(1.878–1.959) ± 0.095]∙10−5 K−1). It meant that they suffered the highest deformations at high temperatures. It was considered an undesirable property in many practical applications. Groups with a 50/50 steel-to-bronze ratio (No. 1–3) had intermediate (and approximately similar) CLTE, from (1.509 ± 0.095)∙10−5 to (1.572 ± 0.095)∙10−5 K−1.



It was known that there was a difference between the CLTEs on the basis of a manufacturing method (traditional technologies vs. additive manufacturing). It was provided by chemical, phase, and structural composition distinctions. The resulting CLTE was compared with the characteristics of pure materials created via traditional methods. The experimental results were: for SS 316L α    ≅    (1.65–1.75)·10−5 K−1; for tin bronze: (1.85–1.92)·10−5 K−1; for aluminum bronze: (1.62–1.70)·10−5 K−1; for chromium bronze: (1.64–1.70)·10−5 K−1). Table 3 displays theoretically estimated results. It was seen that the experimental values were lower in the case of Groups 1–6 (50/50 wt.% and 75/25 wt.% alloys) and higher in the case of Groups 7–8 (gradient materials). Additionally, it was seen that the CLTE of Groups 1–2 significantly differed from Groups 7–8. Still, according to Equation (1), they were expected to be equal to each other. Epitaxial growth and the formation of new phases, i.a., intermetallics (see [24] and [38]) in the interface areas between different metals, are primarily responsible for this phenomenon. These intermetallics might have thermal characteristics (i.a., CLTE) different from the pure initial materials—steel and bronze.



The results provided by the three-way interaction regression model for SS 316L were close to the results given by SLM at the critical laser energy density in the study [25]. This study reported about    ε T  ≅   3900 μm/mm at 220  ℃ . Our results were also higher than thermal expansion for SLM at the same laser power and scanning speed but lower hatch spacing (h = 120 μm,    ε T  ≅   3100–3200 μm/m [25]). The CLTE of SS 316L also correlated well with the dilatometer experimental results of [21] (in that study, the measured CLTE of SS 316L was approximately 1.7–2.0∙10−5 K−1 in the range 100–300  ℃ ).




4.3. Discussion of Specific Heat Capacity


Figure 3a demonstrates the unusual behavior of specific heat capacity. Most of the time (Groups 1, 2, 3, 4, 7, and—unclearly—Group 6), it decreased as the temperature rose. Because precise mass measurements proved that there was no mass loss during the experiments, the reason for such behavior could be long-term phase transitions, which started in the range 46–136    ℃  . The end of these phase transitions was a local extremum of specific heat capacity near 254–266 °C in the case of Groups 4 and 7. Both of them were C61800-based. The third C61800-based group (No.1) had a similar shape, but its expected local extremum was outside the temperature range investigated (46–286 °C). It is needed to check the existence of this extremum during subsequent research. We associated these transitions with the formation of lower bainite after the decay of previously undercooled austenite. Because of high cooling rates during DED, the liquid phase was undercooled below the metastable miscibility gap [19], and undercooled austenitic γ-Fe appeared. The existence of γ-Fe in these C61800-SS 316L alloys was proved in the study [23] by the results of XRD analysis. During reheating under DSC analysis, undercooled austenite decayed within approximately the 200–300 °C range, and lower bainite appeared. After this phase transition, the specific heat capacity began to increase with temperature. It should be noted that these transitions were observed only in the C61800-based alloys, which showed a {paramagnetic FCC} → {ferromagnetic BCC} transformation [39]. This transformation provided the fabrication of soft magnetic materials from paramagnetic components [39]. C18400- and CB480K-based alloys demonstrated neither this FCC→BCC transformation nor an evident specific capacity decrease.



Only Groups 5 and 8 based on C18400 did not have the mentioned heat capacity decrease. Because another C18400-based group (Group 2) had this decrease, it could be suggested that there was a transient concentration of elements in the alloy, which provoked the phase transition. Nevertheless, today’s literature did not report on the transient behavior of the Cu-Fe-Cr system in the low-temperature area [40,41,42,43]. Therefore, the reason for such an effect is not clear and needs to be studied in more detail.



It was seen that C61800-based curves had the lowest average value of specific heat capacity. C18400-based curves had the highest value, CB480K—intermediate.



The experimental curve of Group No.5 had two small exothermic peaks: the first one—near 102–106 °C, the second one—near 154–158 °C. They could be associated with polymorphic transformations [44,45,46], which appeared during heating. They changed the crystalline structure, its characteristic dimensions, and its shape. Another C18400-based group (No.8) also showed very small exothermic peaks in the area between 78 and 118 °C. CB480K-based group No.3 had a small exothermic peak near 144 °C.



Figure 3b demonstrates another behavior of specific heat capacity. All the curves were monotonous. It pointed to the absence of long-term phase transitions, which were observed during the heating cycle. Nevertheless, two C18400-based groups (No.5 and No.8) had clearly observable exothermic peaks near 66 °C and 74 °C. These two curves also had exothermic peaks during a heating cycle, but the corresponding temperature values were different.



A comparison of the obtained results of SS 316L specific heat capacity with DSC data of other studies [23,47,48,49,50,51] showed that SS 316L had 15–20%-higher heat capacity if it was fabricated by DED in comparison to traditional methods. Its reason could be rapid solidification, which leads to grain refinement and the changing of the thermal properties of the material.



DSC curves of the specific heat capacity of commercially pure SS 316L did not show phase transitions in the range of 50–330  ℃ . It pointed at the absence of undercooled austenite and the formation of lower bainite. It was expected in the presence of bronze only. Earlier studies [23,47,48,49,50,51] also did not display phase transitions of SS 316L in this temperature range.




4.4. Dependence between CLTE and Specific Heat Capacity


It was seen that the resulting values of coefficient A (Table 6) were approximately similar to the values discussed in the study [32] (A = 9.17–12.00). The validation of our model showed a positive result: the mean deviation between coefficient A of commercially pure SS 316L measured by two methods was equal to 7.6%.





5. Conclusions


This study successfully investigated the CLTE and specific heat capacity of Al/Cr/Sn-bronze and SS-316L binary alloys (50/50 and 75/25 wt.%) and FGMs fabricated via DED. These thermal characteristics of such structures were experimentally studied for the first time and compared with theoretically predicted values. The lowest CLTE was shown by 75/25 wt.% Al-bronze-based alloy: (1.212 ± 0.095)·10−5 K−1. This material was characterized by the best resistance to thermal deformations under high-temperature influence. The specific heat capacity of the DED-fabricated Cu-Fe alloys demonstrated uncommon behavior during the heating cycle. A decrease in specific heat capacity and its subsequent increase after ~260 °C in the Cu-Fe-Al system were associated with long-term phase transitions and the formation of lower bainite. Small exothermic peaks in the DSC curves of Cu-Fe-Cr alloys were attributed to rapid polymorphic transformations. The specific heat capacity of DED-fabricated commercially pure SS 316L was 15–20% higher in comparison to traditional methods. Its reason was rapid solidification, which led to grain refinement and changed the thermal properties of the material.



The proportionality factor A between CLTE and specific heat capacity was calculated for various materials using the derivative of the Lennard-Jones potential equation and the experimental data. These results were obtained for the first time and validated by measurements of CLTE and the specific heat capacity of commercially pure SS 316L. A three-way interaction regression model, which considered parameters of laser treatment, provided a comparison between proportionality factor A calculated by two methods. The mean deviation between these results was equal to 7.6%.



According to the numerical model, the relative thermal expansion  ε T, [μm/m] of the DED-fabricated SS 316L ( ε T    ≅    3913 μm/mm at 220  ℃ ) was close to the results predicted for SLM. It also matched the dilatometer experimental results of SLM-fabricated SS 316L. A decrease in hatch spacing was considered a reliable method of changing the CLTE of Cu-Fe parts fabricated by additive manufacturing methods.



The findings of the conducted research can be applied to the DED of Cu-Fe system homogeneous alloys and FGMs (especially based on UNS C61800 and SS 316L), which can be used in the NPP, STP, aerospace, and electronic components industries. The future direction of the study includes:




	
The analysis of the specific heat capacity of the Cu-Fe materials in a wider temperature range (up to ~900 °C);



	
The study of the phase transitions of the Cu-Fe-Cr system in the low-temperature area;



	
The fabrication and the tests of the real functionally graded parts using the results of the conducted experiments.
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Figure 1. Parts of Groups 1–8. 
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Figure 2. CLTE of Groups 1–8. 
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Figure 3. All dotted curves showed 50/50 wt.% alloys. All solid curves showed 75/25 wt.% alloys. All dashed curves showed alternating-layers gradient alloys. Bright black curves showed C61800-based alloys. Pale orange curves showed C18400-based alloys. Blue curves of medium brightness showed CB480K-based alloys. Measurement precision was  ± 2.5%. (a) Experimental dependence between specific heat capacity and temperature while heating; (b) Experimental dependence between specific heat capacity and temperature while cooling. 
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Figure 4. DSC curves of commercially pure SS 316L measured during 4 cycles. Measurement precision was  ± 2.5%. 
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Table 1. Chemical compositions of bronzes (wt.%).
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	Element
	Al Bronze
	Sn Bronze
	Cr Bronze





	Cu
	Base
	Base
	Base



	Al
	9.50
	0.05
	–



	Cr
	–
	–
	0.76



	Fe
	1.00
	0.10
	0.05



	Ni
	–
	0.10
	0.05



	O2
	–
	–
	0.05



	P
	–
	–
	0.02



	Pb
	0.02
	0.05
	–



	S
	–
	–
	0.01



	Sb
	0.05
	0.05
	–



	Si
	0.10
	0.05
	–



	Sn
	0.05
	9.96
	–



	Zn
	0.05
	0.11
	–










 





Table 2. Set of groups 1 [23].
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	Group No.
	1
	2
	3
	4
	5
	6
	7
	8





	Description
	C61800 + SS (1:1)
	C18400 + SS (1:1)
	CB480K + SS (1:1)
	C61800 + SS (3:1)
	C18400 + SS (3:1)
	CB480K + SS (3:1)
	C61800 + SS(alt.)
	C18400 + SS (alt.)







1 Abbreviation «alt.» referred to sandwich structures with alternating layers of steel and bronze.













 





Table 3. Analytically estimated CLTE of all groups based on the CLTE of pure metals.
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	Group No.
	1
	2
	3
	4
	5
	6
	7
	8





	CLTE, K−1  × 10−5
	1.640
	1.625
	1.700
	1.660
	1.638
	1.750
	1.640 1
	1.625 1







1 A volume-mean average.













 





Table 4.   〈  c p  〉  , J/(kg  ×  K) for heating and cooling cycles.






Table 4.   〈  c p  〉  , J/(kg  ×  K) for heating and cooling cycles.





	Cycle
	Group 1
	Group 2
	Group 3
	Group 4
	Group 5
	Group 6
	Group 7
	Group 8





	Heating
	409  ±  10.2
	436  ±  10.9
	421  ±  10.5
	386  ±  9.7
	474  ±  11.9
	415  ±  10.4
	428  ±  10.7
	450  ±  11.3



	Cooling
	445  ±  11.1
	446  ±  11.2
	452  ±  11.3
	473  ±  11.8
	472  ±  11.8
	433  ±  10.8
	474  ±  11.9
	476  ±  11.9










 





Table 5.   〈  C p  〉  , J/(mol  ×  K) for heating and cooling cycles.






Table 5.   〈  C p  〉  , J/(mol  ×  K) for heating and cooling cycles.





	Cycle
	Group 1
	Group 2
	Group 3
	Group 4
	Group 5
	Group 6
	Group 7
	Group 8





	Heating
	24.4    ±    0.6
	26.0    ±    0.7
	25.1    ±    0.6
	23.8    ±    0.6
	29.2    ±    0.7
	25.6    ±    0.6
	25.6    ±    0.6
	26.9    ±    0.7



	Cooling
	26.6    ±    0.7
	26.6    ±    0.7
	27.0    ±    0.7
	29.1    ±    0.7
	29.1    ±    0.7
	26.7    ±    0.7
	28.3    ±    0.7
	28.4    ±    0.7










 





Table 6. Values of coefficient A for heating and cooling cycles.
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	Cycle
	Group 1
	Group 2
	Group 3
	Group 4
	Group 5
	Group 6
	Group 7
	Group 8





	Heating
	  8.58   ±   0.73
	  8.77   ±    0.75
	   8.80   ±   0.75   
	  11.00   ±    1.16
	  10.02   ±    0.85
	  9.77   ±    0.83
	  6.93   ±    0.52
	  7.60   ±    0.57



	Cooling
	9.35    ±    0.79
	  8.98   ±    0.76
	  9.47   ±    0.80
	  13.45   ±    1.41
	  9.99   ±    0.85
	  10.19   ±    0.87
	  7.66   ±    0.57
	  8.02   ±    0.60
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Experimental dependence between heat capacity and temperature: cooling
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