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Abstract In this study, a comprehensive set of character-

ization techniques are employed to demonstrate that the

cold spray deposition process can result in a significant

increase in martensite in austenitic stainless steel. The lack

of consensus in the literature on the formation of strain-

induced martensite in cold spray can be attributed to the

diverse processing conditions and measurement techniques

used in different studies. In this work, EBSD, neutron

diffraction, TEM imaging, and precession electron

diffraction were used in combination to examine whether

strain-induced martensite is formed during cold spray

deposition of 304L stainless steel powder and to give fur-

ther insight into possible mechanisms controlling this

phenomenon. Cold spray was performed at both 350 �C
and room temperature (25 �C) to investigate the effects of

spray temperature on the martensite transformation. It is

shown that the strain-induced martensite formation is sig-

nificantly suppressed compared to that which would be

expected for comparable levels of plastic strain at quasi-

static strain rates. Additionally, the spray gas temperature

is shown to directly impact the microstructure formed at

the prior particle interface and the formation of dynami-

cally recrystallized regions.

Keywords austenite-to-martensite phase transformation �
cold spray � EBSD � neutron diffraction � STEM

Introduction

Cold gas dynamic spray, or cold spray (CS), is a solid-state

additive manufacturing technique that uses high-pressure

gas to accelerate particles (typically 15-45 lm in diameter)

to a high velocity (typically 300-2500 m/s) through a de

Laval converging-diverging nozzle (Ref 1). This rapid

velocity results in plastic deformation of the particles upon

impact, resulting in bonding and a dense deposition with

minimal porosity. After cold spray deposition, spherical

particles experience an average plastic strain of 50-90%

(Ref 2). As this plastic strain is experienced by small

particles moving at high velocities, the average strains or

strain rates during particle impact are not uniform over the

impacting particle. Literature reports strain rates in the

prior particle interiors of 104 to 105 s-1 (Ref 3) and 107 s-1

to 109 s-1 in the adiabatic shear zones at the prior particle

interface (Ref 3-5).

Due to both the extent of plastic strain during cold spray

and the tendency of austenitic stainless steels to form

strain-induced martensite under deformation, the question

of whether CS promotes deformation-induced martensite in

austenitic stainless steel has arisen in cold spray literature.

The strain-induced martensite transformation in austenitic

stainless steels is a well-known phenomenon that is com-

prehensively reported in literature (Ref 6-11). The litera-

ture on cold spray of austenitic stainless steels consists of

two categories, one consisting of those that report a sec-

ondary BCC phase in the deposit which is attributed to the

initial powder feedstock microstructure (Ref 12-14), and a

second category consisting of those that show no formation

of martensite in depositions produced using single-phase

initial feedstock powder (Ref 15-18). Notably, work by

Borchers et al. showed a reduction in martensite measured
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by x-ray diffraction XRD relative to the powder feedstock

after cold spray deposition in SS316 (Ref 19).

Strain-induced martensite can significantly affect both

the mechanical properties and the corrosion behavior of

austenitic stainless steels, and for this reason, it has been

widely studied since the introduction of these alloys in the

early twentieth century. The formation of

metastable strain-induced martensite in austenitic stainless

steels such as SS304(L) and SS316(L) was first reported in

1932 by Erich Scheil (Ref 20). Later work by T. Angel in

1954 greatly expanded upon the understanding of this

transformation (Ref 21). Work by Venables (Ref 22) and

later by Lagneborgj (Ref 23) showed that e, an hcp phase,

can serve as a precursor to strain-induced martensite (a0) to
initiate strain induced martensite embryos in austenitic

stainless steels. Further work by P. Mangonon et al. in 1970

showed that strain-induced martensite is formed by the

sequence of c ! e ! a0, where c is the austenite phase, e is
an hcp phase, and a0 is the strain-induced body centered

tetragonal (BCT) phase (Ref 24). Additionally, this work

by Mangonon et al. shows that the nucleation of a0 can
occur heterogeneously at intersections of e bands or where
e bands abut twin or grain boundaries. Both Lagneborgj

and Goodchild et al. later show that while the e phase is

often formed at these shear band intersections, it is not

necessary for the formation of a0 and that, while less

common, a0 can be generated in grains that are oriented

in\ 001[ orientation relative to the compression axis

(Ref 25).

The strain-induced martensite transformation, as it

applies to high strain rate transformations, has been more

thoroughly researched outside of the context of cold spray

deposition. A series of works by Olson et al. proposes that

at low strain levels, a0 forms more readily during high

strain rate tension than low-rate tension, in an idea known

as the Olson-Cohen analysis (Ref 26-30). However, studies

of stress amplitude and strain rate on the martensitic phase

transformation performed by Murr et al., Hecker et al., and

Staudhammer et al. demonstrated that at larger total strains

(above 0.25), adiabatic heating due to straining begins to

play a significant role in reducing the driving force for the

c ! a0 transformation (Ref 31-34). Furthermore, Murr

et al. proposed that a0 only occurs at shear band intersec-

tions where the definition of shear bands consists of bun-

dles of faults, twins, and the e phase. They postulated that

the ‘‘growth’’ of the a0 phase is not growth but the coa-

lescence of the a0 embryos. At high strain rates, this coa-

lescence is also inhibited, further restricting the a0 product.
The objective of this current study is to investigate the

presence of martensite in cold sprayed SS304L deposits

and to evaluate whether additional strain-induced marten-

site is formed during the cold spray process due to the

plastic deformation upon initial impact as well as from the

subsequent peening by other impinging particles. Cold

spray provides a unique set of conditions, such as high

strain rates, elevated temperatures, repeated particle peen-

ing, and small grain sizes, which are not easily replicated in

other metal forming processes. Due to this unique set of

circumstances, investigating the strain-induced martensite

transformation in cold sprayed austenitic stainless steel is

worthwhile. The mechanisms that promote or inhibit the

strain-induced martensite phase transformation in cold

sprayed material are investigated using a combination of

neutron diffraction, electron backscatter diffraction

(EBSD), transmission electron microscopy (TEM), and

precession electron diffraction (PED).

Methods

In this study, SS304L was deposited via cold spray onto a

3.18-mm (1/8’’) thick SS304L substrate using a VRC GEN

III high pressure cold spray system (VRC Metal Systems,

Rapid City, SD). Inert gas atomized powder was acquired

from Sandvik Osprey Ltd. with a nominal particle size of

15-45 lm was used (see composition in Table 1). Sieve

analysis showed the particle size to be 99.8%

- 45 ? 15 lm with 0.2% being ? 45 lm, while laser

diffraction analysis showed the d10, d50, and d90 to be

28.7 lm, 40.5 lm, and 55.5 lm, respectively. A de Laval

converging-diverging nozzle was used with a throat size of

2.00 mm and a length of 196 mm. Helium gas was used as

the spray gas with a pressure of 600 psi (4.14 MPa) and

spray gas temperatures of 350 �C and 25 �C, respectively,
for the two conditions investigated. The temperature

measurement of the spray gas is collected in the spray

system using a thermocouple just prior to the process gas

entering the converging section of the nozzle; therefore,

these temperatures can also be correlated to the stagnation

temperatures for the runs. Four layers were deposited, each

with a layer thickness of 0.5 mm for a nominal deposit

thickness of 2 mm for each sample and an overall size for

the depositions of 25 9 25 9 2 mm. The gun velocity

during deposition was 100 mm/s.

The cold spray specimen was prepared for neutron

diffraction measurements by using electrical discharge

machining (EDM) to section a square from the center of the

deposition 20 9 25 mm in size. Two powders were also

Table 1 Measured chemical composition of the 304L stainless steel

powder (wt. %)

C N Mn P S Si Cr Ni Fe

0.02 0.14 1.5 0.023 0.006 0.73 18.7 8.3 Balance
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prepared for neutron diffraction, one was an as-received

powder, and another was heat treated at 750 �C for 1 h in a

furnace to ensure complete recrystallization. A vanadium

canister was used for measurements of the metal powders.

A gauge volume of 0.3 9 17 9 6 mm and a 30-Hz chop-

per were used, resulting in a wavelength of 2.88 Å with a

collection time of 15 minutes per data point. Each of the

powder samples used a 5-mm beam with a collection time

of 5 min. Phase fraction from the neutron diffraction

results was calculated using the VDRIVEX and GSAS

software to perform Rietveld refinement. Neutron diffrac-

tion was chosen over laboratory- based XRD due to more

accurate quantification and better detection of minor phase

fractions. EBSD was performed on a JOEL 700 FE SEM

using an accelerating voltage of 20 kV and a step size of

0.125 lm from the same material used to make the samples

for neutron diffraction. Samples for TEM and PED were

made using a Tescan FIB from the same material used for

EBSD.

While EBSD gives us an excellent look at the cold spray

microstructure and the overall phase distribution in the

material, the reliability of pattern indexing at the prior

particle interfaces is lacking due to the high amount of

deformation at the prior particle interfaces and the small

grain size. For this purpose, TEM imaging and precession

electron diffraction (PED) were performed to gain a higher

resolution image at these areas and investigate both the

grain structure as well as the phase fraction distribution at

the prior particle interfaces. The prior particle interface was

lightly etched with Kalling’s No. 2 etchant prior to FIB lift

out to identify the prior particle interfaces. An FEI Tecnai

F-20 operating at 200 keV was used for TEM imaging, and

PED was performed using the Topspin software on the

Nanomegas ASTAR system. The PED scans were done

using a 30-micron condenser aperture with a 3-nm step

size, a precession angle of 0.5 degrees, with ten precessions

per frame. Grain orientation spread (GOS) maps were used

to look for the possibility of dynamically recrystallized

grains. GOS maps assign a single color to each grain based

on the total average spread from the median orientation

angle for all points in a grain. This means that recrystal-

lized grains with a low defect density, and therefore, a

lower spread will have a smaller value, while highly

deformed grains with a large defect density will have a

much larger value.

Results

EBSD mapping of the as-received powder (Fig. 1) and the

cold sprayed austenitic stainless steel (Fig. 2) shows the

presence of a second phase. This phase is either the ferrite

BCC phase or the martensitic BCT phase; in this paper, this

phase will be referred to as the BCC phase for simplicity. It

should be noted that standard, Hough-based indexing rou-

tines in EBSD cannot differentiate between the BCC and

BCT phases in steel. The BCC phase in the as-received

powder is evenly distributed throughout the powder parti-

cle, and the BCC grains are approximately 1-5 lm in size.

In the cold spray deposition, the BCC phase also appears to

be evenly distributed throughout the deposition and ranges

from 1-5 lm in size.

EBSD of the cold spray deposited at a spray gas tem-

perature of 350 �C (Fig. 2a) shows considerably less BCC

phase fraction (2.3%) than that deposited at a spray gas

temperature of 25 �C (30.5%) (Fig. 2b). The BCC phase

fraction in both samples is evenly dispersed over the

sample and does not appear to be segregated to any region

of the particle after impact. The prior particle interface area

in the 25 �C sample provided better indexing than the

350 �C sample.

GSAS-II was used to determine the BCC phase fraction

for the as-received powder, the 350 �C cold spray deposi-

tion, and the 25 �C cold spray deposit using neutron

diffraction (Fig. 3). The 350 �C cold spray deposition

shows an average BCC phase fraction of 2.5 % while the

as-received powder shows a BCC phase fraction of 2.2%.

Reducing the maximum spray gas temperature to 25 �C
increased the BCC phase fraction to 30.2%. The 350 �C
cold spray deposit reports a slightly higher percentage of

BCC than the as-received powder, while the 25 �C deposit

reports a significant increase in the BCC phase fraction.

This result raises the question of whether this phase frac-

tion increase is evenly distributed over the cold spray

Fig. 1 EBSD of powder used for deposition
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deposit or localized to the prior particle interface. Local-

ization to the prior particle interface could cause issues for

corrosion by sensitizing the prior particle interfaces.

TEM bright field images of the prior particle interfaces

show a highly deformed microstructure (Fig. 4). TEM of

the 350 �C sample shows a band of dynamically recrys-

tallized grains at each prior particle interface, while that at

25 �C shows does not show any clear presence of the

equiaxed grains at the prior particle interface. The 25 �C
samples show some banded features that are not well

described in the literature.

PED maps at the prior particle interfaces show a highly

refined microstructure at the prior particle interface with

the GOS map indicating dynamically recrystallized grains

in this region for the case of the sample sprayed at 350 �C
(Fig. 5). Below the prior particle interface, in the material

that was impacted from the secondary impact, a refined

microstructure with a large grain orientation spread is

present in both conditions. For the sample sprayed at room

temperature (25 �C) (Fig. 6), a heavily deformed

microstructure can be seen with many more elongated,

flattened grains than can be seen in the sample sprayed at

350 �C. Additionally, while some nano-size grains can be

seen in band contrast maps for the 25 �C sample, there is

not a clear band of nanocrystalline grains as seen in the

350 �C sample. The percentage and distribution of the

ferrite phase are similar for both samples, with no clear

segregation of the phase to any region (Fig. 2). This rela-

tive uniformity indicated that the strain-induced martensite

phase is not preferentially formed in any specific region in

the deposit. For both samples, possible twin boundaries

were mapped, indicated by red grain boundaries in the IPF

map, with two axis-angle pair definitions for twin bound-

aries: a recrystallization twin definition of 60� about\
111[ and a deformation twin definition of 60� about\
112[ . Neither sample showed a clear presence of twins.

Some ‘‘twins’’ were indexed in both samples but aligned

with orientation ambiguities from the PED indexing pro-

cess that is caused by crystallographic symmetry in the

diffraction patterns which can result in software having

difficulty in distinguishing between two crystallographic

Fig. 2 (a) EBSD phase maps of

cold sprayed SS304L using

spray gas at 350 �C and

(b) spray gas at 25 �C

Fig. 3 (a) Neutron diffraction

profiles with peaks labeled for

as-received powder, 25 �C
deposition, and 350 �C
deposition. (b) BCC/martensite

phase percentage in cold spray

deposition as a function of depth

with the as-received powder

content as a reference
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symmetric orientations (Ref 35). This is a known issue that

can arise from PED.

Discussion

The results in this paper show that cold spray of austenitic

stainless steels can form strain-induced martensite and that

the extent of this formation is mainly dependent on the

spray gas temperature. It is well reported in literature that

deformation of austenitic stainless steels, including

SS304L, can cause the formation of strain-induced

martensite (Ref 6-11), with the phase fraction of martensite

reaching as high as 40% in tension and 85% in cold rolled

material at room temperature (Ref 6, 21). Additionally, in

uniaxial and biaxial tension, both elevated temperatures

and high strain rates have been shown to suppress the

strain-induced martensite formation, both of which are seen

in cold spray (Ref 21, 33). Neutron diffraction of the cold

spray deposit shows an increase in 0.4% in the bulk phase

fraction of BCC/martensite after deposition at 350 �C and

an increase in 28.1% after deposition at room temperature

as measured. Examination of the prior particle interface

with PED showed a BCC phase at the prior particle

interface in both samples, though the formation was much

more pronounced in the samples sprayed at 25 �C. Nota-
bly, a clear band of equiaxed grains with diminished BCC

content is seen just above the prior particle interface in the

samples sprayed at 350 �C (Fig. 5), while material sprayed

at room temperature shows no evidence of a BCC-free area

at the prior particle interface (Fig. 6). Work by Zou et al.

showed three distinct regions to exist at the prior particle

interface for cold sprayed samples. These three regions

provide a valuable framework to discuss the effects seen at

the prior particle interface during cold spray deposition as

similar results are seen here; these regions are as follows

(Fig. 7) (Ref 36):

1. The prior particle interior

2. The transition region between the interface and interior

3. The prior particle interface

Fig. 4 TEM bright field images

of prior particle interfaces

showing nanocrystalline grains

in the sample sprayed at 350 �C
(a, b) and highly deformed

grains/banded microstructure

with a lack of nanocrystalline

equiaxed grains in the sample

sprayed at 25 �C (c, d)
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Fig. 5 PED results of 350 �C spray at prior particle interface IPF maps are taken with respect to the impact direction. High-angle grain

boundaries ([ 15�) are indicated by the black lines. The dotted white line indicates the prior particle interface

Fig. 6 PED results of 25 �C spray at prior particle interface (dashed white line) IPF maps are taken with respect to the impact direction. High-

angle grain boundaries ([ 15�) are indicated by the black lines. The dotted white line indicates the prior particle interface
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Conditions in Cold Spray Particles During Impact

It is necessary to understand the strains, strain rates, and

temperatures associated with each region in the cold

sprayed particle (Fig. 7) to understand the deformation

mechanisms seen in each region. For the prior particle

interior, the total strain can be reasonably estimated by

looking at the shape of the particle after deposition. The

total average plastic strain in cold sprayed material can be

estimated by measuring the width and height of the particle

after impact (Ref 37):

fr ¼ w=d0

where w is the width after impact and d0 is the initial

particle diameter. d0 can be calculated as:

d0 ¼
ffiffiffiffiffiffiffiffi

w2h
3
p

From this, the average strain e can be solved as:

e ¼ ln
d0
h

� �

Twenty grains were measured for each sample to give an

average flattening ratio after deposition of 1.36 for the

material sprayed at 350 �C and 1.29 for the material

sprayed at 25 �C resulting in a total average plastic strain

of 60.8% for the 350 �C material and 50.5% for the

material sprayed at 25 �C (Table 2).

The average temperature for the prior particle interior

can be estimated using numerical simulations of the spray

gas speed, temperature, and powder thermal conductivity.

The temperature of the powder particles prior to impact can

be estimated from simulations to be 120 �C for 15 lm
particles and 240 �C for 45 lm particles. These estimates

are made using numerical simulations of a 1-D isotropic

flow model from K. Sakaki (Ref 38):

dTp

dt
¼ ðTg � TpÞ

6h

cpqpDp

where Tp is the particle temperature, h is the heat transfer

coefficient, and cp is the specific heat of the particle, and Tg

is calculated as:

Tg ¼ Tgi
P

Pi

� �ðk�1Þ=k

where Tg is the gas temperature at any given point along

the nozzle’s linear direction, Tgi is the initial gas temper-

ature at the stagnation point, k is the gas-specific heat ratio,

P is the gas pressure, and Pi is the initial gas pressure.

Values such as the strain rates in the material and the

temperatures and strains at the prior particle interface are

helpful when comparing the microstructures seen in the

particle impacts to that seen in literature. While no method

exists to measure these values at the current moment, many

simulations have been made in literature that can provide

Fig. 7 Schematic

representation of an ideal prior

particle interface as observed in

the present observations of cold

spray coatings for the 350 �C
spray condition

Table 2 The average measurement of particle dimensions, flattening ratio, and strain for both samples. Given error is the standard deviation for

each value of 20 particle impacts

Temperature w, lm h, lm d0, lm fr e, %

350 �C 45.3 ± 10.9 18.6 ± 5.45 33.3 ± 7.2 1.36 ± 0.16 60.8 ± 22.7

25 �C 42.5 ± 9.5 19.96 ± 4.7 32.7 ± 5.8 1.29 ± 0.14 50.5 ± 21.2
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some insight into these values. For example, work by T.

Schmidt et al. looked at the temperature distribution in a

cold sprayed particle due to adiabatic heating using simu-

lations and estimated temperature increases at the prior

particle interface in copper in excess of 750 �C (Ref 39). In

addition, in work by Talonen et al. (Ref 40), it was shown

that strain rates of only 10-1 s-1 in tensile testing could

cause adiabatic heating, raising the temperature of the

material above 80 �C in 301LN stainless steel.

Cold spray literature on the deformation of cold spray

particles commonly reports strain rates of 107 s-1 to

109 s-1 in the adiabatic shear zones (Ref 3-5, 41-49). The

strain rate in the prior particle interior is harder to estimate,

but some literature suggests that the strain rate in this area

is likely 104 to 105 s-1 (Ref 3). Based on the literature on

the strain-induced martensite transformation at high strain

rates, a strain rate of 104 to 105 s-1 in the prior particle

interior still exceeds the strain rate reported in most liter-

ature to impede strain-induced martensite formation sig-

nificantly. While information on the total strain at the prior

particle interface is lacking, it is safe to assume that the

strain in this area is well above 100% (Ref 41, 45, 50-53).

Formation of Strain-Induced Martensite in Cold

Sprayed SS304L

The extent of the strain-induced martensite transformation

in both samples is less than what would be expected at

room temperature and quasi-static strain rates. Many

authors have shown the formation of strain-induced

martensite to have a direct relationship to the total strain

experienced during plastic deformation (Ref

20, 21, 25, 32). T. Angel demonstrated this relationship at

various formation temperatures, showing approximately

20% strain-induced martensite formation at 50% applied

strain and nearly 40% strain-induced martensite at 75 %

applied strain (Ref 21). Similarly, work by Shintani et al.

showed 70% strain-induced martensite after cold rolling to

50% strain which is considerably more than the 30 % seen

in the room-temperature cold spray specimen (Ref 6). From

these observations, it is clear that the conditions of cold

spray are suppressing the strain-induced martensite

transformation.

The temperature of the spray gas is shown to signifi-

cantly suppress the amount of strain-induced martensite

formed during the cold spray deposition process. The

deformed material’s temperature arguably has the most

significant overall effect on suppressing the amount of

strain-induced martensite formed. As an example, samples

pulled in tension can form as much as 85% martensite

when cooled during deformation to - 188 �C , while

heating to 80 �C results in as little as 4% martensite (Ref

21). Work by Mukarati et al. simulating the martensite

transformation in 301LN stainless steel in tensile defor-

mation showed the volume percentage at various total

strains to approach 0% at all temperatures above 120 �C
(Ref 54). While little work exists looking at the martensite

percentage formed at temperatures much above 100 �C, it
can be assumed that limited martensite can be formed at

temperatures above 100 �C. Tensile test experiments by

Huang et al. (Ref 55) show that at low temperatures

(- 80 �C and - 50 �C), martensite formation dominates,

and the strain rate sensitivity is proportional to the trans-

formation rate of austenite to martensite. At higher tem-

peratures (25 �C and 135 �C), slip dominates, and the

strain rate sensitivity decreases with an increase in strain,

an observation that is consistent with most microstruc-

turally stable metal systems. The lack of strain-induced

martensite in the samples sprayed at elevated temperatures

is consistent with the literature. Many authors show that

increasing the temperature of the material being deformed

will limit the strain-induced martensite transformation

considerably at all strain rates. The heating of the particles

as they travel through the cold spray system and the adi-

abatic heating caused by deformation likely causes a

temperature rise to the point where strain-induced

martensite is not formed in the prior particle interior after

cold spray. These findings are also consistent with the

present literature on the cold spray of austenitic stainless

steels, as all current literature uses spray temperatures

above 100 �C.
The cold spray sample sprayed at 25 �C shows lower

amounts of strain-induced martensite (30.325%)

when compared to that expected at quasi-static strain rates

at 25 �C ([80%), which can be expected by the higher

strain rate in cold spray (Ref 54). Literature shows that the

strain rate can play a significant role in suppressing the

strain-induced martensite phase transformation. Research

shows that high strain rates can inhibit strain-induced

martensite formation, pointing to both adiabatic heating

due to plastic deformation and twinning being responsible

for a deviation from the expected strain-induced martensite

formation (Ref 32-34, 56). These strain rates are not easily

achievable in other metal deformation techniques, with the

highest strain rates reported in literature being approxi-

mately 105 s-1. Work by Chen et al. using surface

mechanical attrition treatment (SMAT) show that at high

strain rates (105 s-1) the formation of strain-induced

martensite is impeded due to a change in deformation

mechanism from glide-based plasticity to deformation

twinning, resulting in the formation of ultra-fine grains and

dislocation pileup as observed in the TEM (Ref 56). Chen

et al.’s work indicate that when strain rates are low, dis-

location-based activities such as accumulation, interaction,

tangling, and spatial rearrangement, as well as the austenite

to martensite transformation, are the primary deformation
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mechanisms. However, at higher strain rates, deformation

twinning becomes the dominant mechanism. In the present

work, no clear indication of twins was observed in either

cold sprayed deposit. Additionally, it is worth noting that

the twins seen in the work by Chen et al. are much finer

than any of the features seen in TEM or PED in either of

the samples in this paper. Furthermore, shock loading

experiments such as the work by Staudhammer et al. may

approach the strain rates seen in cold spray as these

experiments have a strain rate which is difficult to estimate

but are likely in excess of 104 s-1. These shock loading

experiments show approximately 1% to 4% martensite

formed depending on temperature and shock pressure, with

the stress state and temperature rise during shock loading

suppressing the strain-induced martensite. Additionally,

work by Staudhammer et al. showed that the a0 phase in

shock loading experiments formed at shear bands only.

Many authors attribute the lack of strain-induced

martensite at high strain rates to be predominantly due to

adiabatic heating in the high strain rate regions. Work by

Sunil et al. looked at the formation of strain-induced

martensite in high strain rate compression tests using a

split-Hopkinson bar setup (Ref 57). The work by Sunil

et al. also examined the effect of strain rate in compression

on strain-induced martensite in which a 1-D heat transfer

equation was used to determine the maximum temperature

due to adiabatic heating. The maximum temperature was

estimated to be 120 �C, and it was shown that this elevated

temperature impeded the strain-induced martensite trans-

formation for SS304L. Furthermore, this work by Sunil

et al. found that the formation of strain-induced martensite

decreased with strain rate for all strains above 0.15. At a

strain rate of 103 s-1 and strain of 50% slightly less than

20%, strain-induced martensite was formed. This amount is

considerably less than the 30% seen here for cold spray at

room temperature. This comparison means more strain-

induced martensite is formed in the cold spray at the cal-

culated average strain and expected strain rate of cold spray

than in non-cold spray literature. The amount of strain-

induced martensite measured in the cold spray produced at

room temperature is equal to that observed in the work by

Sunil et al. at a strain rate of 1 s-1 and a strain of 0.8. This

difference could be due to the peening effects seen by the

cold spray material by the subsequent impact of powder

particles, or it could be due to the more complex strain field

seen in a particle impact that will not be entirely com-

pressive in nature. In work by Chen et al., the SMAT

process, which creates a peening force, produced approx-

imately 22% strain-induced martensite near the peened

surface, which had a strain rate of 9 9 104 s-1, which is in

reasonable agreement with the amount of strain-induced

martensite that we report here for the room temperature,

cold sprayed sample. It should be noted that the likely

cause of the BCC/BCT phases in the as-received powder is

the high cooling rate seen by the powder during inert gas

atomization since martensite is a metastable phase that can

form when liquid steel cools rapidly from a molten state so

that the stable austenitic room temperature phases cannot

form (Ref 58). This is distinctly different from the for-

mation of strain-induced martensite, and it is not clear if

some fraction of this initial martensite phase in the powder

is retained in the deposits or if elevated spray temperatures

would work to reduce this phase or only limit the formation

of new strain-induced martensite.

The conclusions of the present study are consistent with

the results seen previously in literature for cold spray of

304L. Based on the above discussion, it can be expected

that strain-induced martensite will be formed preferentially

at lower temperatures, whereas the transformation will be

inhibited by higher temperatures and strain rates. In liter-

ature, it is seen that deposits made from powder with no

initial BCC phase fraction typically showed no BCC phase

fraction when measured via XRD or EBSD, those with

BCC in the powder showed a BCC phase fraction in the

deposit, and some findings suggest cold spray performed at

higher spray gas temperatures resulted in the reduction of

the BCC phase fraction in the cold sprayed material when

compared to the powder feedstock.

Effect of Spray Temperature on the Microstructure

at the Prior Particle Interfaces

It is worth noting that in the samples produced at 25 �C, a
band of dynamically recrystallized grains is not clearly

seen as it is in the sample produced at 350 �C (Fig. 5-6).

For cold sprayed materials, the presence of ultrafine grains

at prior particle interfaces has been reported in literature

many times and is believed to be caused by the ultra-high

strain rate deformation at the prior particle interfaces (Ref

2, 4, 36, 42, 43, 59). It is usually described in literature that

these grains are the result of ‘‘dynamic recrystallization’’,

though many mechanisms have been proposed that could

cause this effect. These mechanisms are outlined in work

by Rokni et al. and Liu et al. and include continuous

dynamic recrystallization (CDRX), geometric dynamic

recrystallization (GDRX), rotational dynamic recrystal-

lization (RDRX), progressive subgrain misorientation

recrystallization (PriSM), static recovery (SRV), and static

recrystallization (SRX) (Ref 2, 60). The GDRX and RDRX

are all forms of the broader CDRX umbrella, which include

the continuous recrystallization of grains during deforma-

tion through the means of diffusion. SRV and SRX are

forms of recrystallization that are proposed to form due to

residual heat and peening stresses due to subsequent

impacts, which also require diffusion. The PriSM mecha-

nism models mechanically driven lattice rotations within
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an adiabatic shear band that result in recrystallization,

which unlike the other proposed mechanisms, does not rely

on diffusion, which is argued to be too slow for recrys-

tallization in high strain rates such as that seen in cold

spray. This paper’s data is insufficient to definitively sup-

port any of the proposed dynamic recrystallization models

for cold spray. However, the following is intended to add to

the discussion currently in literature and highlight how the

observed microstructure and the effect of temperature on

the microstructure at the prior particle interface can be

interpreted in light of each proposed mechanism.

While SRX and SRV have both been shown in CS

materials, the low stacking fault energy of SS304L would

support SRX. SRX is more likely than SRV in low stacking

fault energy materials because recovery is limited due to

dissociated dislocations resulting in nucleation and

recrystallization to be more likely (Ref 61). Additionally,

literature has shown the presence of CDRX in cold rolled

SS304L. While SS304L typically prefers discontinuous

dynamic recrystallization (DDRX) due to its low stacking

fault energy, literature has shown that decreasing the grain

size in 304L from 35 to 8 lm can shift the recrystallization

mechanism to CDRX. The average grain size in the as-

atomized powders is less than 10 lm which would support

the formation of CDRX (Ref 62). Additionally, it has been

shown that the formation of CDRX can occur in type 304

stainless steel at elevated temperatures of 800 to 1000 �C
during cold rolling of heat treated material with an initial

grain size of 7 lm and could result in grain sizes as small

as 1 lm (Ref 63). It is worth noting that DDRX has been

shown in simulations of type 304 stainless steel for an

initial grain size of 35 lm at 1000 �C, where at a strain of

3.0, 100% recrystallization had occurred, resulting in a

predicted grain size of 6 microns. This predicted grain size

is an order of magnitude larger than the measured grain

size seen in TEM of cold sprayed material (Ref 64).

Dynamic recrystallization through diffusion-based

means has been previously described in cold sprayed

materials, with the most reported mechanism for recrys-

tallization being a diffusion-based rotational dynamic

recrystallization mechanism. The diffusion-based rota-

tional dynamic recrystallization mechanism was first

described by Meyers et al. for high strain rate deformation

of 304 stainless steel using a Hopkinson bar where the

argument is made that at high strain rates (104 s-1) diffu-

sion at the grain boundaries, which is much faster than bulk

diffusion, allows for grain boundary reorientation and

dynamically recrystallized grains (Ref 65). This same

method was proposed for dynamic recrystallization in cold

spray in work by Zou et al. for cold sprayed nickel (Ref

36). Dynamic recrystallization, as described by Zou et al.,

begins with the formation of elongated subgrains at the

prior particle interfaces due to the high dislocation density

formed during cold spray; these subgrains continue to

evolve and form further subgrains due to additional dislo-

cation formation as the strain at the particle interface

increases. At this point, small, refined subgrains exist at the

prior particle interface separated by low-angle grain

boundaries. As more strain occurs, the misorientations

between these subgrains increase to accommodate this

deformation by rotating. This rotation forms small,

dynamically formed recrystallized grains separated by

high-angle grain boundaries (Ref 66). The approximate

grain size caused by dynamics recrystallization via this

method can be approximated using the relationship (Ref

67):

r
G

� � Dr

b

� �n

¼ k

where n and K are constants (0.8 and 15, respectively), b

is the burger vector, Dr is the dynamically recrystallized

grain size, G is the shear modulus, and r is the applied

stress. For cold spray, r can be described by the mean

pressure during impact approximated as r ¼ 0:5qt2 where
q is the density of the material and m is the velocity. This

material gives a grain size of 50-125 nm, which is within

the range measured in the present PED results.

The PriSM mechanism for dynamic recrystallization

provides an intriguing theory of dynamic recrystallization

in high-strain rate materials (Ref 68). The PriSM mecha-

nism asserts that other models do not sufficiently describe

the observed dynamic recrystallization grain size in high

strain rate materials and proposes that mechanical rotation

of subgrains during deformation and boundary refinement

via diffusion during cooling occur at shear bands to explain

much smaller grain sizes. This mechanism is consistent

with the findings of fine, dynamically recrystallized grains

on the order of 100 nm (0.1 lm) in this paper. Work by

Rojas et al. provides more evidence for rotation-based

dynamic recrystallization in cold spray materials being

possible without the need for diffusion (Ref 69). In Rojas’s

work, both experiments and simulations show the forma-

tion of dynamically recrystallized grains in silver nanocube

high-velocity impacts. The paper proposed that the large

shock wave stress and high dislocation density in the

nanocubes were not sufficient for recrystallization alone.

Instead, the pathway for recrystallization was hypothesized

to be that the shock loads during impact produced a con-

siderable amount of boundaries, such as grain boundaries

and twins, and that once these are developed, the lattice

rotates within these boundaries through the large shear

stresses caused by the shock wave. This mechanism occurs

without the need for diffusion and accounts for the gradient

in properties seen in cold spray particle impacts due to the

decreasing shockwave pressure away from the impact
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surface. The exact mechanism for dynamic recrystalliza-

tion in cold spray is still unclear and needs further inves-

tigation, though the lack of ultrafine grains in lower-

temperature sprays provides some additional context to the

proposed mechanisms.

Conclusions

In conclusion, it has been shown that cold spray deposition

can produce strain-induced martensite and that the extent

of this transformation is mainly dependent on the spray gas

temperature. Additionally, the reduction of the spray gas

temperature was seen to influence the microstructure at the

prior particle interface region. While EBSD results cannot

definitively show the phase fraction of martensite in cold

spray due to the limited sample area and difficulty in

indexing the prior particle interface regions, neutron

diffraction data clearly shows a slight increase in the BCC/

BCT phase from the as-received powder in cold spray

material produced at a spray gas temperature of 350 �C and

a much more significant increase of 30% in that produced

using a spray gas temperature of 25 �C. The literature gives
compelling evidence to believe that the thermomechanical

conditions that exist in cold spray at elevated temperatures

significantly reduce the amount of strain-induced marten-

site formed. If spray temperatures can be increased further

without clogging the cold spray nozzles, cold spray could

reduce the formation of strain-induced martensite in situ

without needing post-heat treatments on the material. A

summary of the findings is given below:

• Neutron diffraction showed a 0.4% increase in BCC

phase/martensite after cold spray of the powder parti-

cles at 350 �C and an increase in 28.1% when sprayed

at 25 �C showing that the strain-induced martensite

transformation can occur in cold spray and that a

correlation between spray temperature and the strain

induced martensite transformation exists.

• These findings suggest that adiabatic heating due to the

high strain rates, large total strains, and the heat input

from the spray gas work together to suppress the strain-

induced martensite transformation throughout the cold

spray deposit.

• A more substantial presence of ultrafine grains, possi-

bly due to dynamic recrystallization, was seen at the

prior particle interface in the samples sprayed at 350 �C
as compared to those sprayed at 25 �C, indicating that

the spray temperature plays a role in the ability for

these recrystallized grains to form at the prior particle

interfaces.

• This work suggests that the strain-induced martensite

transformation can be suppressed or eliminated with

sufficiently high spray gas temperature if nozzle fouling

can be controlled at elevated temperatures.
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