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Supplementary information
1. Melting model
As opposed to soot particles that mostly sublime before melting at temperatures in excess of 4450 K [1], most metal nanoparticles melt long before reaching their boiling point. Filippov et al. [2] note this and model melting with an expression similar to that of evaporation

[bookmark: ZEqnNum453962]	 	
where ∆Hm(Tp) is the temperature-dependent molar enthalpy of melting, Mv is the molar mass of the evaporated material, where the subscript v stands for vapor and dmp,m/dt is the rate of mass conversion from solid to liquid state (i.e., the rate of phase transition). However, they do not provide an expression for dmp,m/dt; instead, the temperature of the nanoparticle is held constant until enough energy has been absorbed by (during heating) or removed from (during cooling) the nanoparticle, similar to the treatment by Michelsen [1]. To determine a conservative estimate of the total energy required to completely melt the aggregate structure, Eq.  can be simplified to 

	, 	
where mtot is the total mass of the aggregate before laser irradiation. Using the thermophysical properties: Mv = 55.85  10–3 kg/mol and ∆Hm = 13.8  103 J/mol [3], the required energy is in the order of 10–14 J which is much less than the amount of energy deposited by the laser (10–10 J) within the first 1 ns. However, as determined by Figure 1, melting temperatures are not reached until a significant amount of laser energy has been deposited. This shows the highly dynamic nature of the irradiation process, i.e., the energy required to melt the structure has been instantaneously deposited but phase change and temperature increase require a finite time to take place which ideally is described by dmp,m/dt in Eq. . However, no reported measurement data has shown observable features of such phase transitions during LII experiments.
[bookmark: _Ref171523242]Figure 1: Temporal temperature variation of a laser-irradiated iron aggregate (Np = 135) at 2 mJ/mm2 compared to the absorbed laser energy. The change in morphology upon melting is not considered here.   


2. Refractive index of small particles
The computed temperatures depend on the spectral refractive index mλ that is also used to compute E(mλ). The primary particles within the spark discharge-generated aggregates are ~6nm in diameter which may result in optical properties that differ from the bulk. At particle diameters smaller than 10 nm, the refractive index of the material may differ from the bulk due to changes in atomic structure or particle surface (caused by changes in electron localization or coordination number) [4].  To estimate the expected change for iron nanoparticles, a modified Drude model [4] is used to account for the increased collisions at the particle boundary

	 	
Where edp is the permittivity of the particle, a frequency, ω, modified from the permittivity of the bulk material eb, ωp and Γ∞ are the plasma and relaxation frequency of the bulk respectively, and Γdp = 2AvF/dp, is the relaxation frequency within the particle, A is a theory-dependent property on the order of 1 and vF is the Fermi velocity. Values of ωp and Γ∞ are obtained from Ref. [5]. The permittivity of bulk iron is obtained from the refractive indices of bulk molten iron derived from ellipsometry [6]. Figure 2 shows that, for iron nanoparticles with diameters greater than ~3 nm, the refractive indices do not differ significantly from that of the bulk, hence, in this work, we assume the aggregate is molten upon laser irradiation and use measured data from ellipsometry for bulk molten iron obtained by Shvarev et al. [6]. 
[bookmark: _Ref174106321]Figure 2: a. Size-dependent permittivity of iron nanoparticles computed from Eq. (9) 
b. Corresponding absorption function. Data for particle diameters of 1, 3, 5, and 10 nm and bulk are shown.


3. Convergence and mesh study
3.1. Multisphere T-matrix method (MSTM)
When using the multisphere T-matrix method (MSTM) in the case of two touching spheres, with a size parameter  1  and a large refractive index, it takes a large number of expansion orders to resolve the vector spherical harmonic expansion and reach convergence, i.e., the inclusion of higher order terms [7] compared to, for example, soot that may require much less. Figure 3 shows the number of higher-order terms needed to reach convergence when computing the absorption efficiency of a 70-primary particle iron aggregate irradiated at 1064 nm.
[bookmark: _Ref172022996]Figure 3: MSTM computed absorption efficiency vs. number of orders of expansion required in the vector spherical harmonic expansion for a 70 primary-particle liquid iron aggregate irradiated at 1064 nm.




As seen from Figure 3, results of Qabs converge after about ~30 orders of expansion have been included. The exact number of expansion orders to reach convergence may vary depending on aggregate size and index of refraction. To strike a balance between computation effort and accuracy, we choose to include 20 orders of magnitude in our calculations which results in ~10 % difference relative to the highly converged result.
3.2. Discrete dipole approximation (DDA)
In addition to the requirement that the dipole spacing used in the discrete dipole approximation (DDA) calculation should be smaller than any structural features of the target structure, the dipole spacing should also follow the criteria: |m|kd << 1, where m is the refractive index of the material, k = 2π/λ is the wavenumber, and d is the dipole spacing. These criteria are valid when |m – 1| ≲ 3, however, when the refractive index is large, as in the case of metals and the magnitude of the refractive index falls outside this range, much smaller dipole spacings are needed [8]. The DDA method tends to overestimate the absorption cross-section outside the valid range. Figure 4, shows the evolution of the accuracy of DDA at different dipole spacings relative to the full Mie theory for a 6-nm diameter molten iron sphere. 
 [bookmark: _Ref172023885]Figure 4: Comparing the accuracy of the DDA method to that of Mie theory for a molten iron sphere with a diameter of 6 nm irradiated at 1064 nm. The refractive index of molten iron are used according to Ref. [6].


Significant computational efforts are required at smaller dipole spacings. For example, at a dipole spacing of 0.35 nm, the computation is completed in two minutes compared to three hours at a dipole spacing of 0.025 nm. We choose a dipole spacing of about 0.3 nm, with a corresponding error of about 18 % according to Figure 4. Other methods to compute light interactions with matter, such as the finite element method, have shown promise in producing more accurate results than DDA when investigating materials with high refractive indices [9]. 

4. Sintering and melting temperature of the nanoparticles
4.1. Grain-boundary sintering
Below the melting temperature of a crystalline material, sintering occurs through grain boundary diffusion [10,11]. The characteristic grain boundary sintering time, τgb, of two equally sized nanoparticles is estimated according to [11]

[bookmark: ZEqnNum487580]	 	
where rp,0 is the initial radius of the particles, kB is the Boltzmann constant, T is the temperature of the particle, γ is the surface tension, δgb is the grain boundary thickness, Ω is the volume of the atomic vacancy, Cv0 initial fraction of sites occupied by vacancies, and Dv is the vacancy diffusion coefficient. Table 1 shows the parameters used to evaluate Eq. . Figure 5 shows the characteristic grain boundary sintering time as a function of temperature; around the melting point of a 6 nm diameter iron nanoparticle (1483 K) the equivalent grain boundary sintering time is about 2  10-5 ns which is significantly less than the estimated viscous sintering time of 0.016 ns for two particles. 
[bookmark: _Ref175834473]Table 1: Parameters used to evaluate Eq. (4)
	Parameter 
	Value

	Dv (m2/s)
	Agb exp(−Qv/(RT)) [12]
Agb = 5.99a
Qv = 39750 calmol-1 a 
R is the gas constant

	Cv0 (-)
	10−5 [13]

	γ (J/m2)
	1.826 – (Tp – Tm) 0.35×10−3 [14]
Tp and Tm are the particle and melting point temperature, respectively 

	δgb (m)
	10−6 [12]

	Ω (m3)
	(4π/3)a3
a is the atomic radius of Fe taken as 126 pm [15]


a Taken as the average value of the b.c.c. and f.c.c. lattice structures.
[bookmark: _Ref175918189]Figure 5: Temperature dependence of the characteristic grain boundary sintering time of two iron nanoparticles with equal diameters of 6 nm.


4.2. Melting point depression
The melting point depression of the nanoparticles is calculated according to [16]

	 ,	
where Tm,np is the melting point of the nanoparticles modified from the bulk value Tm,bulk, rp,s is the radius of the solid particle,  ρs and γs are the density and surface tension of the material in the solid phase, and ρl and γl are the density and surface tension of the material in the liquid phase, and ΔHm is the enthalpy of fusion. The melting point depression as function of particle diameter is shown in Figure 6.
4.3. Energy released from sintering 
The energy released during the coalescence of an aggregate is computed by γΔAs, where γ is the surface energy and ΔAs is the change of the surface area from an aggregate morphology to a sphere of equal mass. Using a temperature-dependent surface energy of γ [N/m] = 1.826 – (Tp – Tm) 0.35×10−3 Nm-1K-1, where Tp and Tm are the temperature of the particle and the melting point [14], respectively; and using an aggregate with primary particle diameters ranging from 4–100 nm and a  number of primary particles per aggregate of Np = 10, 100, 200, 500, and 1000, the released energy is calculated (Figure 6). For an aggregate with dp = 6 nm and Np = 200, the energy released after coalescence into a sphere is in the order of 10−14 J.
[bookmark: _Ref179395725]Figure 6: The magnitude of energy released upon coalescence from aggregates with primary particle diameters ranging from 4–100 nm and Np = 10, 100, 200, 500, and 1000, the energy released after coalescence. The melting point depression as a function of particle diameter is also shown.


5. LII signal dependence on laser fluence
Evaluating the heat transfer model for iron nanoparticles with diameters of 10, 15, 20, 25, and 30 nm provides the so-called LII fluence curves shown in Figure 7 that show signs of a plateau at fluences between 10–15 mJ/mm2 as opposed to soot nanoparticles that plateau at lower fluences of about 1 mJ/mm2 [17,18]. This may be attributed to the lower heat capacity of iron compared to soot which is about 1.8–3.4 times smaller than lower than soot in the temperature range of 300–4000 K. 
[bookmark: _Ref178947989]Figure 7: Simulated LII fluence curves for iron nanoparticles with diameters of 10, 15, 20, 25, and 30 nm.


6. Investigating LII signal contributions from non-thermal emission 
When evaluating the LII signal, potential sources of interference must be considered that can corrupt the evaluation of particle temperatures such as thermally or laser-induced emission of atomic or molecular gas-phase species [19], recombinative chemiluminescence [20], or plasma emission [21,22]. These signals can differ in temporal characteristics depending on excited state lifetimes and formation kinetics of the related excited species. Vander Wal et al. [20] experimentally investigated the interference of non-incandescent emissions by analyzing both spectrally- and time-resolved data. In their strategy, they used a spectrograph to determine wavelengths at which only thermal emissions occurred and those that had other emissions and spectral features present. Then, the time-resolved intensities measured at the wavelengths with and without other emissions and spectral features were plotted on a logarithmic scale at different fluences. On the logarithmic scale, they observed that at wavelengths with only thermal emissions, the slopes of the intensities were similar across all fluences and were likely due to evaporative mass loss while the intensities measured at the wavelengths with other emissions present showed a marked change in the slope of the prompt signal as a function of fluence, which they used as an indicator for the presence of a non-LII signal in the time-resolved data. With this strategy, they showed that, for iron nanoparticles irradiated at 1064 nm, increasing amounts of non-thermal emissions interfere with the LII signal at a range of detection wavelengths below 400 nm, although at much higher fluences (> 9 mJ/mm2) than those used in our work (≤ 3.14 mJ/mm2). It has also been shown for titanium dioxide nanoparticles irradiated at 355 nm that the recorded signals contain LIF, LII, and plasma emissions depending on the laser fluence and also occur at different time scales with LII emissions lasting longer than non-LII emissions [23]. 
[bookmark: _Hlk176356609]Figure 8a shows that at all fluences investigated in our experiments, the LII signal decay indicates similar particle cooling rates with a rapid decay in the prompt signal that lasts longer at the higher fluences. This is consistent with observations from the literature on irradiated iron [24] and nickel [25] nanoparticles and has been associated with evaporative mass loss. To observe the presence of interfering non-LII signals, the recorded signals are also plotted on a logarithmic scale at selected fluences and wavelengths in Figure 8b, following a procedure by Vander Wal et al. [20]. As seen in Figure 8b, for the same detection wavelength, there is no obvious change in the slope of the logarithm of the intensity of the prompt signals as a function of fluence, which, according to the procedure of Vander Wal et al. [20], suggests the absence of non-incandescent emissions and the dominance of evaporative cooling. This observation was consistent among all detection wavelengths, and hence, according to Ref. [20], it also follows that no non-incandescent emissions are expected at these wavelengths and evaporative cooling is dominant, however, this hypothesis may be evaluated by streak camera measurements at the fluence ranges used in this experiment.    
[bookmark: _Ref171612557]Figure 8: Temporal variation of the LII signal for iron nanoparticles irradiated at varying laser fluence a. Linear plot of signal detected at 747 nm. b. Semi-logarithmic plot of the measured signal detected at 445 and 747 nm.



7. Regression the laser heating model to the LII signal 
The current LII model is unable to predict the peak incandescence signal and temperature of iron nanoparticles for a given laser fluence and initial particle morphology even with considering released surface energies. In particular, given the initial temperature of the aerosol and the laser fluence, there are no sets of QoIs including [dp, σ, α], that can accurately model the measured signal as shown in Figure 9. This is mostly because there is no size distribution, at a particular fluence, that can model the observed peak temperatures, from which cooling begins. This may be attributed to not properly considering sintering effects in a time-resolved way during laser irradiation which may cause an elevation in peak temperature during the heating of the aerosol. 
[bookmark: _Ref172024872]Figure 9: The cooling phase of the regression of the LII model that includes the heating phase, at a fluence of 2.27 mJ/mm2, to the data at a tdelay of a. 0 ns, b. 100 ns, c. 175 ns, and, d. 400 ns. 
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    ( 1 )   where ∆ H m ( T p ) is the temperature - dependent molar enthalpy of melting,  M v  is the molar mass of  the  evaporated   material , where the subscript v stands for vapor   and  dm p,m / dt   is the rate of mass  conversion from solid to liquid state ( i.e. ,   the rate of phase transition). However, they do not  provide an expression for  dm p,m / dt ;   instead, the temperature of the nanoparticle is held constant  until enough energy has been absorbed by (during heating) or removed from (during cooling) the  nanoparticle, similar to the treatment by M ichelsen  [1] .   To  determine a conservative estimate of   the  total  energy  required   to completely melt the  aggregate structure,  Eq.  (1)   can be  simplified to     
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,     ( 2 )   where  m tot   is the total mass of the aggregate before laser irradiation. Using the thermophysical   properties :  M v  =  55.85  ×   10 – 3   kg/mol   and  ∆ H m   =   13.8   ×   10 3   J/mol   [3] , the required energy is in the  order of 10 – 14   J   which is much less than the amount of energy  deposited by the laser (10 – 10   J ) within  the first 1 ns. However, as determined by  Figure  1 , melting temperatures  are not reached   until   a  significant a mount of laser energy has been deposited. This  shows the highly dynamic nature of  the irradiation process ,  i.e. , the energy required to melt the structure has been  instan taneously 

