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ABSTRACT 

The cold spray additive manufacturing process enables deposition of coatings and structures by 
impact bonding microparticles to surfaces through preheated, nozzle-accelerated gas flow. Most 
established models of gas-particle heat transfer in cold spray assume lumped thermal capacitance, 
which ignores particle temperature distributions and is typically valid for metals. However, recent 
advances in cold spray consider polymeric systems that differ categorically and considerably in 
thermophysical properties compared to metals. Particularly, the low Biot number (Bi) assumption 
may be invalid, impacting efficiency and quality of polymeric particle deposition. We describe 
herein a 1D transient gas-particle heat transfer model that simulates temperature profile evolution 
in a representative particle traveling through a cold spray nozzle. With this model, we simulated 
thermal histories of polymeric materials at realistic processing conditions. Polymer sprays with Bi 
consistently near 10-1 or greater demonstrated thermal inhomogeneities, in some cases straddling 
the glass transition temperature. Thermal stratification provides insight into physical conditions of 
a particle before deposition, which can guide processing parameters to improve deposition 
efficiency and quality of polymer cold sprays. 

1. INTRODUCTION 
 Cold Spray 

Cold spray was first discovered by Russian scientists in the 1980s, and has been widely studied to 
deposit a wide variety of metal coatings on surfaces at high deposition rates [1]. The cold spray 
process uses high-velocity gas flow to accelerate micron-sized particles, subsequently impacting 
them on a surface. The impact causes plastic deformation between the particle and surface, and 
with some probability termed the deposition efficiency (ηD), effects a bond between the particle 
and substrate for particle velocities exceeding a material-specific critical velocity (𝑉𝑉𝑐𝑐 ). Gas 
conditions are tuned to avoid the melting phase change of the material in the process; accordingly, 
the process is termed “cold” spray and relies (macroscopically) on kinetic energy instead of 
thermal energy to achieve interlayer bonding. To impart this kinetic energy, an aerosolized stream 
of particles is combined with hot gas and accelerated through a nozzle. Converging nozzles are 
used to achieve (sub)sonic gas conditions, and converging-diverging nozzles are used to obtain 
supersonic conditions [2]. Nozzle choice depends on the critical velocity requirements. 
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To date, research in cold spray has focused on metal coatings [3]. The cold spray of polymers has 
received less attention, with a few research groups demonstrating polymeric deposition in recent 
years [4-9]. Reported deposition efficiencies for polymers rarely exceed a few percent, while 
metals have reached nearly 100 % [4-7, 10]. Bush et al. demonstrated and characterized the 
deposition of semicrystalline high-density polyethylene (HDPE) [5], and subsequent work by 
Khalkhali and Rothstein reports extremal ηD approaching ~10 % for HDPE sprayed on to LDPE 
[8]. The deposition efficiency improved with increasing particle preheat and substrate 
temperatures; however, the particle temperatures were limited by the cold spray apparatus used. 
Thus, there are still unexplored process conditions that could be optimal for deposition. For 
instance, changing the nozzle geometry results in different temperature profiles as discussed 
herein. This temperature profile may have substantial impacts on deposition, especially above the 
glass transition temperature (Tg) of a given polymer. 

Below Tg polymers are glass-like, with little motion of individual polymer chains. As the 
temperature rises above Tg, polymer chains move more freely and the material becomes less elastic. 
Amorphous polymers typically experience a decrease in elastic modulus by a factor of  ~1000 in 
the glass transition range [11]. From this change in properties around the Tg, we hypothesize that 
the deposition efficiency can be greatly improved in the cold spray of polymers by carefully 
manipulating the spray conditions to bring portions of a polymer particle well above Tg. Therefore, 
modeling particle temperature as a function of spray conditions is an important prerequisite to 
achieving desired particle temperatures upon impact. 

1D modeling has been used to rapidly simulate the temperature evolution of a representative 
particle as it traverses a nozzle and predict its temperature upon impact [5, 12-14]. Champagne 
and Helfritch coupled the 1D equations to a deposition efficiency model to determine optimal 
particle size [14]. Each of these models assumes lumped thermal capacitance, which implies 
essentially uniform temperature throughout the particle. However, this assumption is only valid 
when the particle Biot number (𝐵𝐵𝐵𝐵), described by Equation 1, is less than 0.1.  

𝐵𝐵𝐵𝐵 =
ℎ𝑐𝑐𝐿𝐿𝑐𝑐
𝑘𝑘

 
[1] 

 

𝐿𝐿𝑐𝑐 is a characteristic length defined as the ratio of the object volume to surface area, ℎ𝑐𝑐 is the 
convective heat transfer coefficient, and 𝑘𝑘 is thermal conductivity of the particle. The Biot number 
is the ratio of conduction resistance 𝐿𝐿𝑐𝑐/𝑘𝑘 to convective resistance 1/ℎ𝑐𝑐. For a sphere, 𝐿𝐿𝑐𝑐 is equal 
to one third of the radius R [15]. The rate of heat transfer inside a particle is markedly slower than 
the heat transfer to or from the edge in contact with fluid at values greater than ~0.1 [15]. Thus, a 
temperature gradient may exist depending on the timescale the object is subject to heat transfer. In 
micro-scale metallic particles assuming lumped capacitance is typically valid, meaning the entire 
particle can be treated as one temperature. However, this is not always the case in thermal spray 
processes. For polymers and ceramics, the Biot number tends to be close to or greater than the 0.1 
threshold. Katanoda showed that a substantial temperature difference exists in cold sprayed Al2O3 
and Ti6Al4V particles [16]. Ivosevic and colleagues showed that polymers in an High-Velocity 
Oxy-Fuel process (HVOF) exhibit extremely non-uniform temperature profiles [17]. Previous 



works studying polymers in real cold spray systems have utilized 1D Isentropic models assuming 
lumped capacitance to estimate average particle temperatures upon impact. While proving to be a 
useful tool, these models ignore the expected temperature inhomogeneities in polymer particles. 
Bush et al. assumed a lumped capacitance model in making predictions for their experiments, but 
acknowledged that 3D temperature profiles may be crucial for accurate modeling of impact 
simulations [5]. 

Herein, we developed a model to simulate the temperature profile inside a representative spherical 
particle as it travels through high-speed nozzles characteristic of cold spray processing. We 
demonstrate with our results that the lumped capacitance assumption is not appropriate for the cold 
spray of polymeric systems by simulating temperature stratification in an experimentally 
demonstrated spray. A second hypothetical nozzle designed to spray polystyrene is used to 
demonstrate the substantial effects of a temperature distribution in an amorphous polymer. The 
range of temperatures observed in a particle may fall within the glass transition range of a given 
polymer, resulting in heterogeneous mechanical properties through a particle. Around the Tg, the 
mechanical properties change considerably in a 20 °C to 30 °C window [11]. Therefore, we expect 
temperature distributions to have profound implications on spray quality and deposition efficiency. 
The results herein can be used in conjunction with impact simulations to better understand the 
effect of temperature stratification on deposition physics, with the goal of maximizing deposition 
efficiency and deposition quality in polymer cold spray systems for additive manufacturing.  

2. SIMULATION 
 Stratified Temperature Modeling 

For transient heat transfer processes, Geankoplis and Bird et al. outline the shell balances for 
several geometries [15, 18]. When applied to a sphere, the unsteady-state energy transport equation 
as a function of radius 𝑟𝑟 and time 𝑡𝑡 becomes Equation 2.  

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=
−1

4𝜋𝜋𝜋𝜋𝐶𝐶𝑝𝑝𝑟𝑟2
𝜕𝜕(𝑄𝑄𝑟𝑟)
𝜕𝜕𝜕𝜕

 [2] 

Where 𝑇𝑇 is the temperature, 𝜌𝜌 is the particle density, 𝐶𝐶𝑝𝑝 is the particle heat capacity, and 𝑄𝑄𝑟𝑟 is the 
total heat flow at 𝑟𝑟. 𝑄𝑄𝑟𝑟 is described by Equation 3, where 𝑘𝑘 is the thermal conductivity of the 
particle. 

𝑄𝑄𝑟𝑟 = −4𝜋𝜋𝑟𝑟2𝑘𝑘
𝜕𝜕(𝑇𝑇)
𝜕𝜕𝜕𝜕

 [3] 

To solve these equations, we employed the numerical method of lines. Equation 4 gives the 
boundary condition used to solve for the center of a sphere. 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
𝑟𝑟=0

= 0 [4] 



Similarly, boundary conditions are needed for the surface of the sphere at the outer radius R. The 
heat transfer at the edge of the sphere is modeled using the convective heat transfer coefficient ℎ𝑐𝑐. 
Equation 5 gives the condition for the surface of a sphere. 

−𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
𝑟𝑟=𝑅𝑅

= ℎ𝑐𝑐(𝑇𝑇𝑅𝑅 − 𝑇𝑇∞) [5] 

The initial condition for time (𝑡𝑡 = 0) for particle temperature assumes a uniform temperature 
through the particle. 

 Particle Velocity and Gas Modeling 
Particle motion was modeled by integrating the acceleration function derived from Newton’s 
second law in Equation 6 [19]. 

𝑑𝑑𝑉𝑉𝑝𝑝
𝑑𝑑𝑑𝑑

=
𝜋𝜋𝐶𝐶𝐷𝐷𝜌𝜌𝑔𝑔𝐷𝐷𝑝𝑝�𝑉𝑉𝑔𝑔 − 𝑉𝑉𝑝𝑝��𝑉𝑉𝑔𝑔 − 𝑉𝑉𝑝𝑝�

8𝑚𝑚
 [6] 

Where 𝑉𝑉𝑝𝑝 is the particle velocity, 𝑉𝑉𝑔𝑔 is the gas velocity, 𝑚𝑚 is the mass of the particle, 𝐷𝐷𝑝𝑝 is the 
diameter of the particle, 𝐶𝐶𝐷𝐷 is the drag coefficient, and 𝜌𝜌𝑔𝑔 is the gas density. 

𝐶𝐶𝐷𝐷 was calculated using correlations from Henderson that account compressibility, and span the 
subsonic, supersonic, and transition flow regimes [20]. The convective heat transfer coefficient 
was calculated using the Ranz and Marshall model [21]. The isentropic flow equations described 
by Shapiro were used to model the gas [22]. Champagne and Helfritch outline the 1D method used 
herein in detail [14, 19]. It was assumed that the gas properties remained constant from the end of 
the nozzle to the bow shockwave before the substrate. At the shockwave, the Mach number was 
assumed to decrease linearly to zero at the substrate [19]. The shockwave location was estimated 
using Billig’s approximation given by Equation 7 [19, 23].  

∆ = 0.143𝐷𝐷𝐷𝐷 �exp �
3.24
𝑀𝑀𝑒𝑒

2�� 
[7] 

Where ∆ the distance from the bow shockwave to the substrate, 𝐷𝐷𝑙𝑙 is the nozzle diameter at the 
exit, and 𝑀𝑀𝑒𝑒 is the Mach number at the nozzle exit. 

The gas properties were calculated as a function of the linearly decreasing Mach number with the 
isentropic gas equations and reservoir conditions [19]. 

 Numerical Integration 
MATLAB version R2019a was used to program the simulation. Equation 6 was integrated using 
the Runge-Kutta 4 algorithm. A time step of 10-6 s was used from the entrance of the nozzle to the 
bow shockwave, and a time step of 10-9 s was used after the shockwave. The particle temperature 
partial differential equation was solved using the numerical method of lines. One hundred 



temperature nodes were used for polymer particles, and 20 were used for the metal particles. The 
temperature equations were integrated using the ode45 function in MATLAB. 

 Physical Properties and Modeling  
When available, data from previously simulated results or real experimental setups were used. The 
thermal conductivity, heat capacity, and density of each particle were assumed to be constant. Gas 
thermal conductivities and viscosities were assumed to be a function of only temperature except 
for the helium case, where the constant viscosity of 1.86 × 10−5 kg m-1 s-1 from Marrocco et al. 
was assumed [13]. Sutherland's law was used to model the viscosity for other cases [24]. The heat 
transfer properties for air and nitrogen were taken from data compiled in Incropera [15]. Table 1 
outlines the model setup for the conditions studied. 

Table 1. Nozzle dimensions and gas conditions 

Nozzle Tr, (°C) Pr, 
(kPa) 

Lc, 
(mm) 

Lt, 
(mm) 

Ld, 
(mm) 

De, 
(mm) 

Dt, 
(mm) 

Dl, 
(mm) 

Ls, 
(mm) 

Gas 

HDPE (1) 70, 100 250 23.9 26 0 9.5 1.6 1.6 15 Air 
PS (2) 127 400 29.9 0 2.97 9.5 1.6 1.7 15 Air 
Ti (3) 25 2900 - - 100 - 2.9 8 - He 
Al (4) 300 3000 30 0 180 20 2 6 - N2 

Tr and Pr are the reservoir temperature and pressure, respectively. Lc, Ld, and Lt are the 
converging, diverging, and throat lengths. De, Dt, and Dl are the entrance, throat, and exit 
diameters. The standoff distance is denoted as Ls. Figure 1 represents the simple conical nozzle 
geometry used in the simulation. The distance denoted in later figures is the distance from the 
nozzle inlet. 

 

Figure 1. Representation of the simple conical nozzle geometry 

Nozzle 1 is a geometry designed by Bush et al., who used the nozzle to cold spray HDPE. The 
spray conditions simulated included a maximum temperature condition limited by the 
experimental setup [5]. Several theoretical conditions with independent initial particle temperature 
and gas reservoir temperature were also modeled. Nozzle 2 is similar to a design used by Bush; 
however, the experimental conditions used for modeling were not from actual experimental 
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conditions [25]. The inlet pressure and temperature to achieve reasonable target particle 
temperatures and impact velocities from the results of Khalkali et al., who used a polystyrene 
particle size of 44 μm in single impact studies [6]. The larger 90 µm particle size was simulated to 
study the effect of changing particle size on the temperature distributions. Two metal particles 
were simulated from experimentally demonstrated conditions. The titanium conditions were 
replicated from a report by Marrocco et al., and the aluminum conditions were from Jenkins et al. 
[13, 26]. The material properties of the particles are given in Table 2. 

Table 2. Material properties of simulated particles 

The properties for HDPE are the same as Bush used for their simulations [25]. The density and 
thermal conductivity of polystyrene at 350 K were from Algaer and assumed to be constant [27]. 
The heat capacity value for polystyrene is from Incropera [15]. Titanium properties were those 
used by Marrocco et al. in their simulations [13]. The thermal conductivity and heat capacity values 
for aluminum were taken from Incropera at 250 °C, and the density at 27 °C [15].  

2.4.1 Assumptions 
The following assumptions apply to the nozzle model: 

1. The gas flow is isentropic and frictionless 

2. The particle has zero initial velocity 

3. The particle does not affect gas temperature or velocity (one-way interaction) 

4. The initial particle temperature distribution is uniform 

5. The gas returns to reservoir conditions at the substrate 

3. RESULTS 
 Polymeric Temperature Profiles 

3.1.1 HDPE in a sonic nozzle 
Four cases for the HDPE particle were modeled with varying initial particle temperature Tpo and 
reservoir temperature Tr. The gas velocity, pressure, and temperature for the sonic nozzle spraying 
HDPE are reported in Figure 2. It was assumed that the Billigs approximation applies to this case, 
and the Mach number decreases linearly from 1 to 0 at the predicted location. Because the gas is 
sonic, there is no step change in properties at the estimated shock location. Although more complex 
phenomena contribute to the gas property profiles, this assumption lets us model the nozzle up to 

Material Thermal Conductivity 
(W/mK) 

Heat Capacity 
(J/kgK) 

Particle Density 
(kg/m3) 

Particle Diameter 
(μm) 

HDPE (Nozzle 1) 0.49 2250 990 48 
Polystyrene (Nozzle 2) 0.163 1460 1000 44, 90 

Titanium (Nozzle 3) 21.6 528 4500 47 
Aluminum (Nozzle 4) 234 1005 2700 40 



the point of impact in a computationally inexpensive way and gain valuable insight into the heat 
transfer and temperature-dependent property changes experienced by the particles. 

  

Figure 2. Gas pressure (P), temperature (T), and velocity (V) profiles through the sonic nozzle 
with a Tr of 100 °C (solid line) and Tr of 70 °C (dotted line). 

Figure 3 presents the particle velocity profiles corresponding to these gas conditions. The higher 
reservoir temperature condition resulted in slightly faster particles.  

 

Figure 3. Particle velocity (Vp) and Biot number profiles of HDPE particles subject to the gas 
conditions in Figure 2. 

Particles with the same reservoir temperature condition have velocity profiles and Biot numbers 
that overlap. The orange and blue lines overlap, and the black and grey lines overlap. The Biot 
number changes along the nozzle because it is a function of the velocity difference between the 
particle and gas. The low Biot number observed at 62 mm is a result of the gas velocity matching 
the particle velocity. This matching velocity results in a minimum convective heat transfer 
coefficient, hence the Biot number achieves a minimum. The particle spends a considerable time 
at relatively large Biot numbers, indicating a potential temperature inhomogeneity within the 
particle. Figure 4 shows the resulting internal temperature profiles at several discrete radii. 
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Figure 4. Particle temperature as a function of nozzle distance and dimensionless radius r/R at 
three discrete locations. A) 48 µm HDPE particle at Tpo = 70 °C and B) at Tpo = 20 °C. 

The particle at equal initial particle temperature and reservoir temperature (Tr = Tpo = 70 °C) is 
the highest temperature condition achievable by the Bush et al. cold spray apparatus [5]. In their 
experiments, the particle hopper is surrounded by the reservoir gas, linking the reservoir 
temperature and initial particle temperature. Clogging was experienced at temperatures over 70 °C 
as particles became tacky in the hopper. The Tr = 100 °C and the Tr = 70 °C, Tpo = 20 °C 
conditions are outside of the operating range as they would require a different particle feeding 
mechanism than possible experimentally. The particles at lower temperatures than the reservoir 
temperature undergo heating until reaching the nozzle throat, where the gas then begins to cool 
them.  The particle with an initial temperature equal to the reservoir only experiences cooling. For 
all particles, the internal temperatures appear to converge as they approach the substrate. To further 
investigate this, the temperature profiles just before substrate impact are discussed in Section 3.1.3. 

3.1.2 Polystyrene in a converging-diverging nozzle 
The polystyrene case considers a polymer particle with a much higher glass transition temperature 
than the HDPE case (Tg of 100 °C vs. -90 °C)  [11, 25]. In the HDPE case, the particles were 
always well above the Tg. For the polystyrene simulations, two particle sizes and two initial particle 
temperatures were studied in a converging-diverging nozzle, unlike the purely converging nozzle 
for the HDPE case. The gas reservoir conditions were chosen to set the final temperature and 
velocity of the 44 µm polystyrene particle to values within the deposition window reported by 
Khalkhli et al. [6]. Figure 5 depicts the gas property profiles the polystyrene particles were 
simulated with. 
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Figure 5. Pressure (P), temperature (T), and velocity (V) of the gas in the supersonic nozzle. 

The Biot numbers were calculated for both particle sizes studied. The same size particles have 
velocities and Biot numbers independent of the initial particle temperature, exemplified by the 
HDPE case in Figure 3. Figure 6 shows the corresponding Biot and velocity profiles encompassing 
both initial particle temperatures (20 and 100 °C). 

 

Figure 6. Polystyrene particle velocity and Biot number profiles in the supersonic nozzle.  

The Biot numbers for the polystyrene system are higher than the HDPE system, and consistently 
above the 0.1 threshold. This is attributed to higher gas velocity and lower thermal conductivity of 
the particles. Because of the high Biot number, the polystyrene system cannot be adequately 
represented by the lumped capacitance model, and thus a temperature distribution is observed. 
Figure 7 reports the resulting temperature profiles as a function of distance from the particle inlet 
to the substrate. 
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Figure 7. Temperatures of 90 and 44 µm polystyrene particles as a function of distance and 
dimensionless radius r/R, and at initial particle temperatures A) 20 °C and B) 100 °C. The 

horizontal dashed line at 100 °C represents the Tg of polystyrene. Tr and Pr are fixed at 127 °C 
and 400 kPa respectively. 

Heating and cooling in the particles occur more rapidly at the surface than at the core and midpoint. 
The particles cool rapidly through the diverging section of the nozzle and subsequently heat again 
after passing through the bow shockwave. The internal temperatures however barely see this 
heating effect in the small region between the shockwave and the substrate, resulting in a polymer 
sphere with a cool shell and warm inside. The temperature profiles of the polystyrene particles 
upon impact with the substrate are presented in the following section.  

3.1.3 Polymer particle impact temperature 
The temperature profiles upon impact from the conditions in Figure 4 and Figure 7 were plotted 
as a function of particle radius. Figure 8 summarizes these temperature profiles. The polystyrene 
and HDPE particles exhibit distinct differences in the internal temperature distributions. Notably, 
the polystyrene particles cross the glass transition region in several cases. A 30 °C temperature 
differential in the region between the surface and the core implies a significant deviation in 
mechanical properties near the Tg. If the maximum temperature is close to the surface, we expect 
this deviation to cause localized deformation at the surface of the particle. The localized 
deformation would improve bonding, as bonding in cold spray is attributed to plastic deformation 
between the particle and substrate. We expect this shift in deformation localization to occur 
regardless of whether the bonding mechanism is shear instability or hydrodynamic deformation 
[28, 29]. 

The shear modulus profile as a function of radius for two polystyrene particles was predicted using 
data from Mott et al. to quantify expected mechanical property deviations in the polystyrene case 
[30]. Figure 9 shows the internal shear modulus profile for the denoted cases from Figure 8A, and 
two additional cases where all points in the respective temperature profiles are shifted a specified 
temperature. This shift could be achieved by adjusting intial particle temperature and nozzle 
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geometry. The 90 µm particle at Tpo = 20 °C impacts in the glassy state, and shows relatively little 
change in shear modulus (0.09 MPa) in a ~20 °C window. The 44 µm Tpo = 100 °C particle 
straddles the glass transition upon impact, resulting in maximum 0.43 MPa difference in shear 
modulus (∆𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 ) inside the particle. Both differences are considerably increased with the 
specified temperature shifts, increasing to ∆𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 =  0.34 and 0.62 for the 90 and 44 µm particles 
respectively. This highlights that a broad range of mechanical properties are achievable by tuning 
the particle temperature. 

 

Figure 8. Temperature profiles upon impact as a function of dimensionless radius r/R in the A) 
polystyrene and B) HDPE particles. 

 

Figure 9. Shear modulus vs. dimensionless radius for two polystyrene particles. The dotted lines 
represent the modulus curves if the corresponding temperature profiles in Figure 8 are shifted the 

specified temperature increase. Shear modulus data is from Mott et al. [30]. 
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The HDPE particles are expected to behave similarly when initially crossing the Tg. However, the 
HDPE particles are highly crystalline compared to polystyrene, an amorphous polymer. 
Amorphous polymers experience a rapid decrease in modulus with increasing temperature in the 
region of Tg. Semicrystalline polymers experience this decrease to a lesser degree. Additionally, a 
broader rubbery plateau region is observed in semicrystalline polymers all the way up to the crystal 
melting temperature [11]. In this region, the modulus decreases only slightly. For HDPE, this range 
extends from the -90 °C Tg to the 135 °C melt temperature. Thus, only slight decrease in modulus 
is expected for the HDPE particles studied. The representative curves for HDPE would be 
analogous to the shear modulus profile for the glassy 90 µm Tpo = 20 °C polystyrene particle, with 
minor deviations in the shear modulus.  

 Metal Particle Simulations 
To demonstrate the substantial differences in thermal behavior between metals and polymers in 
cold spray, we simulated two cases for metal particles inside a cold spray nozzle from experimental 
spray conditions. Titanium and aluminum were chosen as representative cases for low and high 
conductivity metal, respectively. Figure 10A shows the predicted temperatures for the surface and 
core of the two particles plotted as a function of dimensionless nozzle distance (distance/total 
nozzle length) from the particle injection point. 

 

  

Figure 10. A) Temperature profiles in converging-diverging nozzles for the titanium and 
aluminum spray conditions. The values at the center and edge of the particles are plotted as a 

function of dimensionless length. B) Biot number profiles along the nozzles. 

The aluminum particle was injected before the nozzle throat, while the titanium particle was 
injected after the nozzle throat according to the experimental conditions [13, 26, 31]. Both particles 
show Biot numbers lower than the 0.1 lumped thermal capacitance threshold along the length of 
the nozzle. The aluminum case shows little temperature difference from the surface to the core of 
the particle at the end of the nozzle. However, the titanium case shows a greater difference, which 
is expected from its lower thermal conductivity, and subsequently higher Biot number. At the 
nozzle exit, the maximum temperature difference inside the aluminum and titanium particles is 
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0.53 and 4.9 °C, respectively. Unlike the polymer particles discussed in the previous section, this 
small difference is expected to have negligible effects on particle properties upon impact.  

4. CONCLUSIONS 
 Discussion 

The results herein emphasize that polymer particles have internal temperatures that vary 
considerably with location in the particle. Metal particles show relatively little temperature 
distribution upon impact comparted to polymers. This temperature variation in polymers results in 
a substantial mechanical property variation within the same particle at the substrate. Not only are 
the temperature profiles evident in the particles, but their shape depends on the polymer properties, 
gas conditions, and nozzle geometry. If an amorphous polymer particle is around or above its Tg, 
drastic changes in mechanical properties are observed. 

The various temperature distributions observed indicate that not only can the average temperature 
and velocity of a particle be controlled, but the temperature distribution and resulting mechanical 
properties are variable as well. The nozzle type, geometry, and gas conditions govern the resulting 
temperature profile upon impact. We plan to use this model to predict deposition temperature 
profiles and velocities of polymer particles upon substrate impact and target specific temperature 
distributions. Additionally, the heat transfer principles used herein could be applied to more 
complex CFD simulations that can better estimate flow properties in later studies. The resulting 
profiles will be analyzed in impact studies like Sagar et al. and Yildirim et al. performed to predict 
optimal processing conditions, and subsequently used as experimental conditions [32, 33]. Future 
investigations into gas properties and particle temperatures simulated with the 1D model will be 
validated by comparing to computational fluid dynamics (CFD) simulations and experiments. 

 Conclusion 
The thermal histories of polymer particles inside cold spray nozzles were simulated using the 1D 
isentropic gas relations. Compared to metal particles, polymers are not adequately represented by 
the lumped capacitance assumption. The simulated radial temperature profiles at the substrate 
showed substantial deviation in polymer particles and were found to potentially straddle the 
material-dependent glass transition temperature. We expect temperature profiles and resulting 
mechanical property inhomogeneities to have substantial effects on deposition rate, efficiency, and 
bond quality. This temperature profile can be altered by changing the initial particle temperature, 
nozzle geometry, and gas conditions. The simulated temperature profiles on impact will be used 
for initial conditions in impact simulations to analyze deformation patterns. These simulations will 
guide experiments to optimize deposition efficiency and quality for polymer cold spray additive 
manufacturing. 
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