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 ABSTRACT 

Zinc-coated press-hardened steel (PHS) sheet used for the production of strong, corrosion 

resistant parts is of interest to the automotive community, but concerns about liquid metal 

embrittlement (LME) remain. Specifically, mitigation of the cracking associated with LME, via 

better understanding of the alloyed coating microstructural features and interaction with the 

substrate sheet during deformation, is desired. The objective of this work was to relate the 

microstructural evolution in the Fe-Zn coatings heat treated under single- or two-step thermal 

processing to the cracking response in specimens deformed in uniaxial tension at elevated 

temperature. A Gleeble® 3500 was used to heat treat galvanized 22MnB5 samples at hold times 

and temperatures relevant to new processes recently implemented in some hot-stamping lines. 

The alloying achieved during heating and isothermal holding of specimens was assessed, and 

used to interpret the cracking response in the coating (and substrate) of specimens deformed at 

high temperature. 

Heat treatments using systematic heating rates were conducted to investigate the Fe-Zn 

phase development during heating to elevated temperatures relevant to press-hardening. The 

specimen heated at the slowest rate (2 ºC/s) was comprised of the most Fe-rich phases (Γ and 

αFe(Zn)). Comparison of the compositions of these phases to the Fe-Zn phase diagram at 

elevated temperature (775 ºC), suggested that this coating was mostly solid at elevated 

temperature, and thus may also have had little Zn-rich liquid upon reaching target temperature. 

The minimized Zn-rich liquid at elevated temperature indicated that minimal soak time would 

have been necessary to eliminate Zn-rich liquid in the coating prior to deformation at this 

temperature. 

Specimens were also heat treated via single- or two- step isothermal profiles (with and 

without deformation), and the phases were identified and quantified to understand the state of the 

coating microstructure at each room and elevated temperature. Fractions of the phases developed 

in the alloyed coating were measured using quantitative image analysis. The fraction of δ (most 

Zn-rich phase identified in the coatings) appeared to decrease, while the fraction of Γ and 

αFe(Zn) appeared to increase, with increased soak time and temperature. The δ phase was not 

observed in specimens heat treated at the highest time/temperature combinations (850 °C for 60-

120 s), suggesting that the greatest degree of alloying occurred in these specimens. The fraction 
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of the δ+Γ1 phases present in each specimen are suggested to contribute to the amount of Zn-rich 

liquid present at the highest deformation temperature (700 °C), and thereby used to estimate the 

amount of Zn-rich liquid available during elevated temperature tensile tests. The thickness of the 

αFe(Zn) layer also increased with increased hold time and temperature. The αFe(Zn) layer 

thickness in undeformed versus deformed specimens and composition gradient across the layer 

were measured and compared to cracking behavior of the layer. At the highest deformation 

temperature (700 °C), the αFe(Zn) layer exhibited cracks after intermediate and extended hold 

times (60 and 120 s); these specimens also exhibited the higher αFe(Zn) layer thicknesses and 

slightly narrower composition gradients compared to specimens deformed at the same 

temperature after shorter soak times. 

The cracking behavior observed in the deformed specimens was related to the 

microstructural evolution of the coating based on the inferred amount of liquid present at 

elevated temperature and the relative plasticity of the αFe(Zn) layer. In most cases, deep 

cracking into the substrate sheet associated with LME was avoided. Crack mitigation during 

deformation was proposed to be a result of: reduction of Zn-rich liquid via increased alloying or 

reduced deformation temperature, or retention of a continuous αFe(Zn) layer between the alloyed 

coating and substrate, that served as a barrier layer to prevent contact between the Zn-rich liquid 

and Fe-substrate. 
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CHAPTER 1 : INTRODUCTION  

Regulations for increased fuel economy and enhanced passenger safety in the automotive 

industry have contributed to the growing popularity of press-hardened steels (PHS) for 

lightweight, high-strength, anti-intrusion components [1]. The high strength is achieved through 

press hardening, or hot-stamping, which results in an almost fully martensitic microstructure, 

while formability is achieved by using elevated temperature.  

Press-hardened parts, especially those used in car underbodies, are often exposed to 

corrosive elements. Applying corrosion resistant zinc (Zn) coatings, often hot-dip galvanized 

(GI) or galvannealed (GA), is a preferred approach to reduce corrosion of these parts without 

adding significant weight [1]. These coatings offer both barrier and cathodic corrosion resistance, 

and the hot-dip method used to apply the coating is well understood and economical.  

During the hot-stamping process, cracks can form in the Zn coating and, under some 

conditions, propagate into the PHS substrate. Industry has often observed accompanying 

penetration of Zn into the substrate steel along cracks, and seeks to better understand the extent 

of alloying in the coating, cracking into the alloyed coating and substrate steel, and Zn 

penetration. Though some groups have also reported potential methods to mitigate cracking into 

the PHS substrate [2-3], a need remains to link the alloyed coating microstructure to the cracking 

behavior in order to understand the mechanisms responsible for cracking (and thus crack 

mitigation). 

The expected contribution of this work is to characterize the alloyed coating 

microstructure that develops in Zn-coated PHS as a result of processing route, and its effect on 

cracking behavior during elevated temperature deformation. Identification of phases developed 

in alloyed coatings and measurement of the phase fractions through quantitative image analysis 

are reported and used to infer the presence of Zn-rich liquid at elevated temperature. The 

thickness of and composition gradient across the Zn-rich ferrite (αFe(Zn)) layer that develops at 

the coating-substrate interface is also reported and discussed with respect to the implications on 

cracking response of the coating during deformation. The cracking behavior observed after heat 

treatments with deformation (via interrupted uniaxial hot tensile tests) is compared between 

different heat treatment conditions. The role of both the αFe(Zn) layer and other phases in the 

alloyed coating in controlling the cracking behavior in the coated PHS is discussed. 
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CHAPTER 2 : LITERATURE REVIEW 

2.1 Background 

A review of the recent literature related to hot-stamping of Zn-coated steel sheet and 

relevant sub-topics is presented in this chapter. Specifically, the extent of cracking observed in 

industrially formed PHS parts, crack mitigation strategies, and relevant cracking mechanisms are 

included. A review of the binary iron-zinc (Fe-Zn) phases, including compositions and 

crystallography, and Fe-Zn interdiffusion literature relevant to hot-stamping are also presented. 

2.2 Industrial Press-hardening and Observed Cracking 
The goal of the press-hardening or hot-stamping process is to simultaneously form and harden a 

sheet blank into a high strength component. The PHS sheet typically has an as-received ferrite-pearlite 

microstructure, and during hot-stamping, it is first austenitized, generally between 880-930 °C. The 

austenitized sheet is then transferred to dies to be stamped while hot. Deformation at elevated temperature 

allows for lower stamping loads compared to room temperature forming. During stamping, the dies are 

water cooled, effectively quenching the part. Quenching at sufficient rates allows for transformation (i.e. 

“hardening”) of the sheet microstructure from austenite (γFe) to martensite (α’). After hot-stamping, the 

part has the desired geometry with tight tolerances, and a tensile strength of about 1500 MPa (218 ksi). 

PHS sheet is sometimes Zn-coated (galvanized, (GI) or galvannealed (GA)) to provide cathodic 

corrosion resistance of the final part. During austenitization of coated sheet blanks, undesirable phase 

changes in the Zn-based coatings can occur. The austenitizing temperatures are well above the melting 

point of Zn (about 420 °C), and thus the coating is generally liquid upon reaching the austenitizing 

temperature, and during the stamping process. Interaction between the Zn-rich liquid (in the coating) and 

the substrate sheet can result in cracking into the substrate sheet. Cracks are commonly perpendicular to 

the sheet surface and progress through the coating and sometimes deep into the PHS substrate [1, 3-4]. 

The crack penetration depths generally range from approximately 10-200 μm. Industrial studies that focus 

on characterizing the cracking behavior often utilize “top hat” shaped channel section parts for 

examination of cracks at bend radii (often the deepest cracks in a part) [3-4]. Groups that have simulated 

hot-stamping parameters through hot-tensile tests have typically performed tests at quasi-static strain 

rates, and strained specimens to about 40 percent (pct) [7-8]. In specimens deformed under quasi-static 

conditions, both deep cracking into the PHS substrate and severe reduction in total elongation have been 

reported [7-8]. Grain boundary embrittlement, that is segregation of Zn-rich liquid to, and ultimately 

embrittlement of, the substrate grain boundaries has been cited as the source of cracking by multiple 

industrial research groups [4-5, 9]. In order to give context to the coating-substrate interactions that may 
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occur during hot-stamping, and potentially influence cracking, a review of the Fe-Zn binary phases are 

presented. Reported cracking mechanisms and how multiple groups have addressed them, are also 

covered.  

2.3 Overview of Binary Fe-Zn Phases 

Because GI and GA coatings are almost “pure” Zn, and PHS steel is primarily Fe, 

knowledge of the binary Fe-Zn phases is required to understand the coating-substrate 

interactions, and effectively address cracking. Information on the phases that typically form 

during Fe-Zn interdiffusion is prominent in literature, especially with regard to phase formation 

during galvannealing after hot-dip galvanizing, and are summarized in this section with the Fe-

Zn equilibrium phase diagram and a table of compositional and structure information. Figure 2.1 

shows the equilibrium Fe-Zn phase diagram adapted from Marder [10]. As shown, the 

austenitizing temperature range for 22MnB5 (at least 850 °C as calculated by the Andrews 

equation [11]), is above the highest peritectic temperature of 782 °C, where Fe-Zn compositions 

above about 40 weight percent (wt pct) Fe are liquid. Several lower temperature peritectics also 

exist and as the Fe content increases, the peritectic temperature increases. This means that phases 

with increased Fe content have increased melting temperatures, which may be relevant when 

considering coating-substrate alloying that occurs during the hot-stamping process. Table 2.1 

shows the chemical formula, crystal structure and Fe content for the Fe-Zn intermetallics found 

on the equilibrium Fe-Zn phase diagram as reported by Marder [10] and Weinstrӧer et al. [12], 

as well as the lattice parameters for each phase reported by Giannuzzi [13]. Additional 

compositional and crystal structure information presented in Table 2.1 was obtained from 

references from the International Center for Diffraction Data (ICDD) [14–21]. Data from these 

resources were used to identify the phases present in alloyed coatings and to simulate crystal 

structures in JEMS, as will be discussed in the context of results presented in Chapter 3. The next 

sections will discuss proposed cracking mechanisms, and the approaches taken to mitigate 

cracking.  
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Figure 2.1 - Equilibrium iron – zinc (Fe-Zn) phase diagram adapted from Marder [10]. 

 
Table 2.1 - Chemical Formula, Crystal Structure and Fe Content for the Fe-Zn Phases 

Phase Formula Crystal 
Structure 

Iron Content (wt pct) 
reported by Marder [10] 

and Weinstrӧer et al. [12] 

Lattice parameters 
(nm) reported by 
Giannuzzi [22] 

αFe Fe(Zn) [10, 12] BCC [10] - a=0.286 
     

Γ Fe3Zn10 [10, 12, ,22] BCC [10] 23.5-28.0 [10] a=0.9018 
   18-31 [12]  
 Fe8Zn18 [22]   a=0.8986 
 Fe3Zn7 [21]   a=0.89822 [21] 
     

Γ1 Fe5Zn21- Fe-4Zn9 [10, 
12] FCC [10] 17-19.5 [10] a=1.7963 

 Fe22Zn78   a=1.9963 
     

δ FeZn11- FeZn6.67 [10, 
12] 

Hexagonal 
[10] 7.0-11.5 [10] a=1.28, c=5.76, 5.71 

   8.1-13.2 [12]  
     

ζ FeZn13 [10, 12] Monoclinic 
[10] 5-6 [10] a=1.3483, b=0.7663, 

c=0.5134, β=127º 

   5.9-7.1 [12] a=1.0862, b=0.7608, 
c=0.5061, β=100º 

     
ηZn Zn(Fe) [10, 12] HCP [10] 0.03 [10] a=0.266, c=0.484 

 

2.4 Mechanisms of Cracking 

Cracking in Zn-coated PHS is often attributed to interactions between the Fe substrate 

and the Zn coating (liquid) during hot-stamping. In particular, several authors suggested that 
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liquid metal embrittlement (LME), and more recently solid metal embrittlement (SME), are the 

main mechanisms by which Zn promotes cracking in the substrate steel sheet [2–4]. Typically 

systems which experience LME or SME exhibit a significant reduction in plasticity (i.e. 

reduction in total elongation, though not always observed in Fe-Zn systems [23]), and if severe 

enough, a reduction in strength may also occur [24]. Embrittlement literature is relevant to the 

hot-stamping field because discussion on the mechanisms responsible for the diffusion or 

penetration behavior of Zn at grain boundaries, as is the case in Zn-coated PHS, is found in 

embrittlement studies. Common trends and methods for quantifying and mitigating the extent of 

liquid or solid metal penetration in embrittlement literature, as well as examples from PHS 

literature, are reviewed in the following sub-sections.  

Liquid Metal Embrittlement 

Necessary criteria for LME to occur in a system are that 1) a liquid and solid metal are in 

intimate contact and that 2) a stress is applied while they are in contact [8, 10]. Though not 

always cited as a main criterion, it is often the case that the liquid-solid couple has some 

miscibility making the formation of compounds less likely [8, 10]. At elevated temperature, the 

liquid metal atoms (often termed the embrittler atoms) diffuse to defects at the solid metal 

surface, often grain boundaries, weakening the bonds of the substrate material [8, 10]. Because 

the fracture stress is lower, the material fractures at the grain boundaries at lower elongations 

than expected; hence embrittlement is realized [8, 10]. Because the extent of penetration at grain 

boundaries is dictated by the ability for atoms to diffuse to the boundaries, it is conceivable that 

the factors which impact diffusion would also influence the extent of LME. Several groups have 

explored the effect of these factors on the resulting LME behavior; some of these results are 

briefly discussed below. 

Alloying Liquid or Solid Metal to Prevent LME 

The use of alloying additions to slow diffusion of a liquid metal along grain boundaries 

was discussed by several authors [8, 10–12]. Specifically, it has been reported that diffusion can 

be slowed if elements which form stable compounds with the solid metal are added. The alloying 

addition-solid metal compound is proposed to mitigate LME either by 1) preventing embrittler 

atoms from contacting the solid metal, or 2) creating strong bonds which are not weakened by 

the embrittler atoms [8, 10]. In practice, the method of adding solute atoms to either the liquid or 
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solid metal to promote compound formation has had limited success. Malu and Preece attempted 

to mitigate LME in aluminum (Al) exposed to mercury (Hg) through small (0-9 atomic (at) pct) 

additions of magnesium (Mg) [26]. It was predicted that Mg and Hg would react to form HgMg, 

Hg3Mg5 or HgMg2, thereby reducing the Hg available to penetrate grain boundaries and 

subsequently embrittle Al [26]. However, instead of forming compounds with Hg, increasing 

amounts of Mg resulted in decreased fracture stresses and thereby enhanced embrittlement of Al 

[26]. When exposed to liquid Hg, solid Zn can experience LME and some literature indicated 

that additions of barium (Ba) to Hg will reduce LME of Zn via the formation of Zn13Ba [25]. The 

formation of Zn13Ba was observed to increase the fracture stress compared to Zn, thus preventing 

brittle fracture [25]. This work demonstrated that it may be possible to use other elements to 

form high melting temperature compounds with Zn to prevent interaction with the Fe substrate in 

the Zn-coated 22MnB5 system. It is worth noting that the formation of Zn-based compounds 

might impact the corrosion resistant nature of a Zn coating. 

Another method of alloying liquid to prevent LME is to hold a system at elevated 

temperature for extended times to promote more interdiffusion between the elements in the 

liquid-solid couple, and thereby reduce local enrichments of Zn responsible for LME. In PHS 

literature, several groups have shown that cracking and Zn penetration can be minimized by 

employing extended soak times at elevated temperatures (usually during the austenitizing step), 

prior to deformation [28-29]. In general, increased soak time resulted in a decrease in both crack 

length and Zn penetration depth into the PHS substrate [3, 29-30], and an increase in frequency 

of cracks [29]. It has been suggested that isothermal soaking at elevated temperatures promotes 

Fe-Zn alloying, and in turn reduces Zn-rich liquid (via formation of higher melting temperature 

Fe-Zn intermetallics). However, the formation of intermetallics with high Fe contents (i.e. 

decreased Zn content) in the alloyed coating may also result in decreased cathodic corrosion 

protection [31], and may be less desirable for industrially produced parts. 

Recently Lee et al. examined the microstructural evolution of a Galvalume (55% Al-Zn) 

coating on 22MnB5 sheet heat treated isothermally at temperatures between 700-900 °C [32]. 

Heat treatments were conducted without deformation, and cracks were observed only in the 

interdiffusion layer [32]. The Fe and Al reacted to form Fe-Al intermetallics, and due to the low 

solubility of Zn in these intermetallics, the Zn remained free at the grain boundaries in the Fe-Zn 

interdiffusion layer [32]. The free Zn was reported to be favorable in preserving the corrosion 
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resistance of the coating [32]. Because deformation was not performed, the potential for the free 

Zn to penetrate the substrate steel was not reported. 

Grain Boundary Character 

In some systems, modifying the grain boundary properties can provide a means of 

mitigating embrittlement. In Al-Zn-Mg alloys (susceptible to stress corrosion cracking (SCC)), 

MgZn2 particles present at the grain boundaries after strain aging can slow grain boundary 

cracking when exposed to aqueous chloride environments [25]. The MgZn2 particles must 

dissolve in order for intergranular cracks to proceed along grain boundaries; thus the size and 

spacing of the particles control the rate of intergranular cracking [25]. Though the described 

study was focused on mitigation of SCC, conceivably a similar approach could be applied to 

22MnB5 sheet. If suitable particles or precipitates could be located at grain boundaries and react 

with the Zn atoms during hot-stamping, perhaps penetration along the boundaries could be 

slowed. In contrast, Cho et al. proposed that thin ferrite films may form at austenite grain 

boundaries during heat treating prior to stamping [8]. They proposed that Zn penetrates austenite 

grain boundaries and begins to diffuse into the austenite grain interiors, resulting in: a Zn-rich 

region (Γ) at the grain boundary, a less Zn-rich region on either side (αFe(Zn) ferrite), and then 

austenite grains on either side [8]. This study implied that though formation of intermetallic 

compounds may slow diffusion of Zn along Fe grain boundaries, if the compounds have low 

ductility, then cracking into the substrate will still occur. 

Balluffi et al. showed that decreasing the misorientation angle between grains in the 

substrate can also decrease the extent of LME [33]. The smaller the misorientation angle, the 

lower the density of fast diffusion paths, and thus an overall lower diffusivity is possible [33]. If 

the misorientation angle of surface grains in the 22MnB5 substrate could be minimized, this may 

slow Zn penetration. Efforts to control misorientation angle have not been reported in hot-

stamping or other related literature. 

Effect of Exposure Time on Extent of Penetration and LME 

Mendala reported that if liquid-solid metal contact time is shortened (enough that 

diffusion along grain boundaries cannot occur) in a given system, LME is preventable [34]. Ina 

and Koizumi reported that a certain amount of time, termed an incubation period, was required 

before LME would be realized in a solid-liquid metal system [35]. This incubation period was 



  8

defined as the amount of time it took for enough liquid to accumulate at grain boundaries to 

either reduce the maximum load before failure, or increase the brittle fracture surface area [35]. 

They reported that the incubation period was dictated by the penetration velocity of liquid metal 

into the grain boundaries, and specifically that the incubation period was inversely proportional 

to the penetration velocity [35]. Existence of an incubation period or penetration velocity for the 

Fe-Zn system is not reported in hot-stamping literature. Determination of an incubation period 

(possibly from measurements of penetration velocity) in the temperature regime typical for hot-

stamping might help define the maximum amount of time allowed at elevated temperature prior 

to hot-stamping to avoid Zn penetration at boundaries. If high temperature processing is 

completed before the incubation period is reached, significant Zn penetration at boundaries, and 

consequently grain boundary cracking, might be avoided. Balluffi et al. noted that when higher 

temperatures are used, the ratio between the diffusivity at grain boundaries versus diffusivity into 

grain interiors (usually very high) decreases [33]. As a result, the rate of grain boundary 

penetration by Zn, for example, would be more similar to the rate of penetration into the grains 

themselves. If preferential penetration of Zn at boundaries could be reduced by holding at 

elevated temperature for longer times, perhaps local grain boundary penetration, and 

accompanying cracking, could be reduced. 

Solid Metal Embrittlement  

Solid metal induced embrittlement (SME) is similar to LME but occurs at lower 

temperatures when the embrittler is in the solid state [36]. Similar to LME, SME also involves 

reduction of ductility via diffusion of a species to grain boundaries, but generally results in less 

severe embrittlement (i.e. more elongation prior to fracture is observed) [36]. Lynch reported that 

LME and SME both involve adsorption of embrittler atoms (and accompanying weakening of 

bonds) at crack tips, and so the reduced severity of embrittlement in SME is attributed to a 

difference in diffusion mechanism compared to LME [36]. The reported rate controlling step in 

LME is capillary flow of liquid metal, (i.e. cracking is dictated by how quickly liquid metal 

atoms are drawn to the crack tip in the solid metal) [36]. In contrast, the rate controlling step in 

SME is surface diffusion and subsequent diffusion of embrittler atoms to a crack tip; the 

diffusivities associated with these mechanisms are lower than the capillary flow in the case of 

LME [36]. The slower rate of diffusion associated with SME results in slower crack growth 

rates, and in turn overall shallower cracks than in LME. Furthermore, SME rates have been 
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observed to decrease with increasing crack length, because it takes more time for embrittler 

atoms to move to the crack tip as it progresses further from the embrittler source [36]. Because 

both embrittlement mechanisms can occur in the same embrittler-matrix systems, it is possible 

that some regimes may exist were SME (instead of LME) is active in the GI PHS. The reduced 

severity of cracking associated with SME may provide an opportunity for changes to the 

processing regime for hot-stamping; if hot-stamping can be carried out in a lower temperature 

regime in which SME, not LME, is the dominate mechanism, cracking into the substrate may be 

further minimized. Hensen et al. suggested that lower stamping temperatures where SME is 

active (instead of LME) may provide a possible route for minimizing cracking [3]. They 

conducted stamping trials which involved cooling prior to stamping, and reported reduced 

cracking compared to material formed at typical hot-stamping temperatures [3]. Hensen et al. 

presented microstructures of specimens formed at temperatures between 500-800 °C showing 

reduced crack depth with reduced temperature, but did not report any characterization of the 

coating microstructure after deformation to indicate whether SME was the controlling 

mechanism. The reduction of crack depth with pre-cooling was attributed to slowing of Zn 

diffusion into cracks, via solidification of the coating, at lower temperatures, and thus less Zn 

available to reach crack tips and promote cracking into the substrate sheet [3]. Similarly, Kurz et 

al. showed that pre-cooling prior to deformation eliminated cracking into the substrate sheet in 

GA 22MnB8, compared to conventional direct hot forming of GI 22MnB5 [2]. Both authors 

indicated that parts cooled to a lower temperature prior to deformation also exhibited coatings 

with higher Zn contents than in conventionally hot-stamped parts (due to less time at high 

temperature for Fe-Zn alloying); this increased Zn content was reported to possibly be desirable 

for enhanced cathodic corrosion protection compared to conventionally stamped parts [6, 7]. 

Though cracking behavior results were presented, microstructure evolution in the alloyed coating 

as a result of pre-cooling was not specifically reported. 

Recently, Janik et al. heat treated Zn-coated PHS specimens at 900 °C for 240-600 s and 

modeled the growth of the αFe(Zn) layer into the γFe substrate using the one dimensional 

implicit finite difference method (1D FDM) [37]. The authors then tried to relate the thickness 

and Zn content in the αFe(Zn) layer to cracking behavior in the substrate sheet upon deformation 

(the specific deformation temperature was not reported) [37]. Based on composition profiles 

across the αFe(Zn) layer, Janik et al. reported that the overall Zn content in the layer decreased 
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with increased annealing time, and that the depth of cracks also decreased [37]. The authors also 

reported a change in crack morphology, from a sharp “V” shape (at shorter soak times) to a blunt 

“U” shape (at longer soak times) [37]. The authors suggested that increased annealing time 

allowed for diffusion of Zn out of “Zn-rich pockets” (i.e. αFe(Zn) grain boundaries) and into the 

grain interiors of the αFe(Zn) layer; homogenization of the αFe(Zn) layer reduced the occurrence 

of sharp cracks penetrating into the substrate material [37]. The coating was reported to be 

comprised fully of αFe(Zn) (without Zn-rich liquid available for penetration), and thus cracking 

into the substrate was reported to have been caused by SME [37]. 

Summary of LME and SME Literature  

Based on the review presented, several factors that dictate the diffusion of Zn along grain 

boundaries (and into grain interiors) likely also control the extent of cracking into the substrate 

steel in the press-hardening process. A summary of the factor, how it may be varied, and the 

consequences of these variations on LME behavior are listed below in Table 2.2. 

Table 2.2 - Factors Affecting LME and Methods for Mitigation 

Factor LME may be reduced if: Reference 

Composition of liquid 

Solute atoms that 
1) form compounds with substrate to prevent contact 

with embrittler or, 
2) strengthen substrate bonds 

[23, 25–27] 

Microstructure of solid 
metal 

Particles at the grain boundaries react with or slow 
diffusion of embrittler atoms [25] 

Grain boundary misorientation angle is reduced [33] 

Processing parameters 

Time at elevated temperature is significantly decreased 
to prevent diffusion to grain boundaries [34-35] 

Time at elevated temperature is significantly increased 
to allow more time for diffusion of embrittler atoms 
to grain interiors 

[33, 38] 

Deformation processes are performed at lower 
temperature where liquid is minimized or surface 
diffusion is dominant 

[3, 36] 

 

Interdiffusion of Fe and Zn 

As described in the previous section, Fe-Zn interdiffusion plays a major role in the 

cracking and Zn-penetration behavior observed in PHS. Therefore, a review of the Fe-Zn 

interdiffusion literature relevant to the hot-stamping process was also conducted. Kang et al. 
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reported that LME was responsible for the fracture and cracking behavior in high-Mn TWIP 

steels, and reviewed several specific LME models. The authors also performed diffusion 

calculations to help determine which LME model best described the behavior observed in the 

TWIP grade [7]. Though the TWIP grade had an γFe microstructure throughout processing, the 

authors reported calculated diffusion distances based on diffusivity of Zn along αFe(Zn)  grain 

boundaries; no diffusivity data for diffusion along γFe grain boundaries was available [7]. 

Kang et al. calculated a diffusion depth of 54.5 μm after a 30 s hold at 850 °C but observed Zn 

penetration depths between 205 and 363 μm [7]. Kang et al. suggested that, based on 

microstructural observations, either intergranular liquid metal percolation (i.e. Zn liquid 

penetration along grain boundaries), or stress-assisted solid-state grain boundary diffusion were 

the most probable mechanisms for Zn penetration in the TWIP grade [7]. The authors could not 

distinguish further between the two mechanisms, as the resulting room-temperature 

microstructures on which the analysis was conducted are quite similar between the two 

mechanisms. The authors reported that in-situ experiments would be needed to determine which 

of the two mechanisms is responsible for cracking [7]. Table 2.3 shows the diffusivity 

calculations and penetration data from Kang et al [7]. 

Table 2.3 - Diffusivity Calculations and Zn-Penetration Data from Kang et al. [7]. 

Phase Activation 
Energy (J/mol) 

Diffusivity at 
850 °C (m2/s) 

Zn Diffusion 
Distance at 850 °C 

for 30 s (μm) 

Experimentally Measured 
Zn Penetration Distance 
(850 °C for 30 s (μm)) 

Ferrite    IF steel Not reported 
   Bulk 232,600 3.536x10-15  0.326   
   Grain 
Boundary 162,000 9.919x10-11 54.50 PHS 152 

Austenite      
   Bulk 274,100 1.105x10-17 0.018 TWIP 205-363 

 

In work by Janik et al. that focused on the growth of the αFe(Zn) layer during isothermal 

holding, diffusion coefficients of Zn in bulk αFe(Zn) and bulk γFe were reported as 5.00x10-13 

and 1.13x10 14 m2/s, respectively [37]. Both values reported by Janik et al. were determined 

experimentally based on concentration profiles taken across the αFe(Zn) layer, and are 

substantially higher than those reported by Kang et al. for the same bulk microstructure, 

respectively [7, 38]. The difference in diffusion coefficients could be due to the higher soak 
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temperature used by Janik et al., or because the values reported by Kang et al. were calculated 

via an equation from Dohie, et al. (whose work was extrapolated from much lower temperatures, 

between 400-725 °C) [7, 38-39]. Figure 2.2 shows a plot of log diffusivity versus reduced 

temperature (Tm/T) made by combining diffusion data for Zn in Fe microstructures from 

literature, as reported by multiple authors [7-8, 38–40] (similar to the classic plot of diffusion in 

f.c.c. metals from Balluffi et al.[33]). The Tm/T parameter is with respect to the melting 

temperature of Zn (i.e. 693 K/T). As shown, the diffusivities are most similar at high 

temperatures (0.4<Tm/T<0.5), and deviate as temperature decreases. Zn diffusion is highest in Fe 

liquid, followed by diffusion of Zn along αFe(Zn) grain boundaries (the highest solid-state 

diffusion for all temperatures), and then diffusion in bulk αFe(Zn) and in bulk γFe. This may be 

expected as, in general, diffusion along crystalline imperfections (i.e. grain boundaries) is much 

faster than into bulk material [33]. Though the critical data are not available for diffusion along 

γFe grain boundaries, it is likely that the diffusion values for a given temperature would be 

greater than those for diffusion of Zn in bulk γFe and less than those for Zn along αFe(Zn) grain 

boundaries. 
 

 
Figure 2.2 - Log diffusivity versus reduced temperature (Tm/T) made by combining diffusion data for 

Zn in Fe microstructures from literature, as reported by multiple authors [7-8], [38–40] 
(similar to the classic plot of diffusion in f.c.c. metals from Balluffi et al.[33]). The Tm/T 
parameter is with respect to the melting temperature of Zn (i.e. 693 K/T). 
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CHAPTER 3 : EXPERIMENTAL DESIGN AND PROCEDURES 

3.1 Experimental Approach 

The primary focus of the current work is to understand the extent of alloying on heating, 

and during isothermal holding of 22MnB5 GI material during a variety of austenitizing thermal 

treatments prior to deformation. The other aim was to relate the observed microstructural 

evolution to the amount of Zn-rich liquid present at elevated temperature, and in turn to the 

subsequent deformation behavior (including cracking and possibly Zn penetration along the 

substrate grain boundaries) at different temperatures. Therefore, experiments were performed 

that included varying: heating rates to elevated temperature, isothermal hold times at elevated 

temperature, and deformation temperature. This section describes the motivation and 

experimental methods used for each portion of the study. 

Specimens were heated at different rates to promote different amounts of Fe-Zn alloying 

on-heating, with the intent of understanding the extent to which the presence of Zn-rich liquid 

could be minimized during heating to the austenitizing temperature. Another set of samples, 

termed “single-step” isothermally soaked samples, was soaked above the austenitizing 

temperature (to simulate the austenitizing step in industrial stamping), and then quenched to 

room temperature without deformation. An additional set of samples, termed “two-step” 

isothermally soaked samples, was soaked at the same temperature as the single-step specimens, 

followed by a subsequent soak at a lower temperature, before quenching to room temperature. 

The microstructures of the single-step specimens were studied to determine the extent of alloying 

resulting from austenitizing only. Comparison of the Fe-Zn phase development in the single-step 

versus two-step isothermally soaked samples was of interest to isolate contributions to the 

coating evolution during the lower temperature soak. Two-step isothermal hold heat treatments 

were designed based on work by both Kurz et al. and Hensen et al. that demonstrated reduced 

crack depths in PHS when a cooling step between austenitizing and stamping (i.e. stamping at 

reduced temperatures) was implemented (reviewed in Section 2.4.5) [3, 37]. Work by these 

authors motivated the single- and two-step heat treatments and characterization of the resulting 

microstructures. Finally, a separate set of specimens was heat treated under the same thermal 

profile as the two-step heat treatments and then deformed in tension prior to quenching, so that 

the response of the coating and substrate during hot tension could be related to the state of (i.e. 
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amount and distribution of Fe-Zn phases) in the undeformed coating microstructure. The 

following sections describe the details of the material, specimen geometry, processing, and 

analysis techniques used to characterize the alloyed coatings and relate the resulting alloyed 

coating microstructures to the cracking response during deformation. 

3.2 Material and Gleeble® Processing 

The material studied in this work was 22MnB5, the most common PHS alloy used in 

industry. This is a medium carbon (C) steel with intentional manganese (Mn) and boron (B) 

additions that give the steel good hardenability and allow the part to achieve a martensitic 

microstructure during industrial press-hardening. Table 3.1 shows the chemical composition of 

the 22MnB5 GI material in wt pct. The sheet was supplied in sheet blanks of dimensions 

300 x 200 x 1.5 mm (11.81 x 7.87 x 0.059 in), with a GI coating weight of approximately 

140 g/m2 (~10 μm/ side). All specimens were heat treated in a Gleeble ® 3500, so that precise 

heating, holding, and cooling could be achieved. Details of the specimen geometry machined for 

each set of experiments are presented in the sections below. 

Table 3.1 - Chemical Composition of 22MnB5 GI Supplied by voestalpine 

 

C Mn Si B Cr Mo Ti Ni N Al V S P Cu 
0.21 1.26 0.20 0.003 0.24 0.004 0.035 0.014 0.006 0.06 0.004 0.0003 0.009 0.015

Processing to Assess Coating Evolution During Heating 

This section details the heat treatments conducted to assess the effect of heating rate on 

the Fe-Zn phase formation in the alloyed coating. Material was machined into specimens with 

dimensions 120.0 x 25.4 x 1.5 mm (4.72 x 1.00 x 0.059 in), with 5.5 mm diameter holes centered 

along the width (used for alignment of the sheet in the grips), about 12.7 mm (0.5 in) from each 

end. As shown on the heating profile in Figure 3.1, samples were heated in a Gleeble® 3500 at 

rates of 100, 50, 10, 5, or 2 ºC/s to 775 ºC, allowed to stabilize for 2 s, and then helium (He) 

quenched to room temperature. The target temperature of 775 ºC was chosen so that phases 

identified at room temperature could be compared to regions of the phase diagram below the 

highest Fe-Zn peritectic (at 782 ºC) in order to assess the amount of Zn-rich liquid present upon 

reaching elevated temperature. 
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Figure 3.1 - Schematic thermal profile for samples heated to 775 ºC/s at 100, 50, 10, 5, or 2 ºC/s, and 

stabilized for 2 s, before being He quenched to room temperature. 

Processing to Assess Coating Evolution During Single- and Two-Step Holding 

As mentioned, the extent of alloying achieved during single- and two-step isothermal 

holds prior to deformation was also of interest in this work. The isothermal heat treatments were 

intended to serve as a baseline for the extent of alloying achieved during austenitizing only. 

Two-step heat treatments, in which specimens were subsequently also held at a reduced 

temperature between the austenitizing and deformation steps, were then used to understand the 

further alloying that would occur during the hold immediately prior to deformation. 

All specimens were heated to 850 ºC (above the calculated austenitizing temperature of 

Ac3 = ~830 ºC) at a rate of 100 ºC/s to minimize alloying that would occur on heating, and that 

any significant alloying in the coating will be a result of isothermal holding. Single-step 

isothermally soaked specimens were soaked at 850 ºC for 2, 60, or 120 s, and then quenched to 

room temperature without deformation. The 2 s soak time was selected to understand the Fe-Zn 

alloying upon reaching the soak temperature, and the 60 and 120 s soak times were selected to 

demonstrate alloying more similar to that achieved with industrially relevant soak times (while 

still preserving enough Zn-rich liquid to understand evolution of the liquid with subsequent 

steps). Two-step isothermally soaked samples were soaked at 850 ºC for either 2, 60, or 120 s, 

then cooled to 700, 600 or 500 ºC and held for 20 s, before being quenched to room temperature. 

To gain more insight into isothermal alloying at lower temperatures, another set of specimens 

was austenitized at 850 ºC for 2 s, cooled to 700 ºC and held for 5, 20 or 60 s, and quenched to 

room temperature. This temperature was chosen to investigate the isothermal alloying because 
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analysis of the microstructure evolution could give insight into Zn-rich liquid reduction at 

temperatures below typical austenitizing temperatures. All specimens were air quenched to 

achieve initial cooling rates of at least 100 ºC/s after each isothermal hold step. Figure 3.2 shows 

schematic thermal profiles for specimens held at 850 ºC for either 2, 60 and 120 s and then 

a) quenched to room temperature after soaking (single-step specimens), or subsequently soaked at 

lower temperatures (500, 600, or 700 ºC) prior to quenching (two-step specimens), and 

b) specimens held at 850 ºC for 2 s and then soaked at 700 ºC for 5, 20 or 60 s. All specimens 

were heat treated without deformation. 

 

  
(a) (b) 

Figure 3.2 - Schematic thermal profiles for specimens held at 850 ºC for either 2, 60 and 120 s and then 
a) quenched to room temperature after soaking, or subsequently cooled and soaked at lower 
temperatures (500, 600, or 700 ºC) prior to quenching, and b) specimens held at 850 ºC for 
2 s and then soaked at 700 ºC for 5, 20 or 60 s. All specimens were heat treated without 
deformation. 

Processing to Relate Coating Evolution to Cracking Behavior 

Elevated temperature tensile tests were performed to assess the Zn-penetration and 

cracking response of the 22MnB5 GI; the heat treatments and deformation parameters are 

described in this section. Material was machined into specimens with dimensions 

145.0 x 25.4 x 1.5 mm (5.71 x 1.00 x 0.059 in), having a reduced section at the center with 

dimensions 38.10 x 25.4 x 1.5 mm (1.50 x 1.00 x 0.059 in). Holes 5.5 mm in diameter were  
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centered along the width, about 5.5 mm (0.22 in) from each end. Figure 3.3 shows the geometry 

of the specimens strained in uniaxial tension at elevated temperature. 

 
Figure 3.3 - Dimensions for specimens deformed in uniaxial tension at elevated temperature. All 

dimensions in millimeters (inches in parenthesis). 

 

Specimens were heated at 100 ºC/s to 850 ºC, soaked for 2, 60 or 120 s, and then cooled 

at an initial cooling rate of at least 100 ºC/s and soaked for 20 s at 500, 600, or 700 ºC prior to 

deformation. These specimens were expected to experience the most severe cracking, resulting 

from the shortest time at austenitizing temperature for Fe-Zn alloying, and thus the largest supply 

of Zn-rich liquid during deformation. A uniaxial tensile deformation rate of 10 mm/s was applied 

similar to that experienced at the outer bend radius of an omega (“hat”) shaped part during 

industrial stamping operations [23]. Thus, a programmed 10 mm/s displacement rate was used 

and specimens were pulled to a displacement of 6.4 mm at all temperatures (in 0.64 s), based on 

the minimum amount of deformation necessary to initiate cracks, determined from an 

incremental deformation study (details presented in Appendix A). Figure 3.4 shows a schematic 

thermal profile with the deformation step indicated after soaking at the second soak temperature 

(either 700, 600 or 500 ºC), to assess the impact of deformation temperature on the extent of Zn 

penetration and cracking.  
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(a) (b) 

Figure 3.4 - Schematic thermal profiles for specimens held at 850 ºC for either 2, 60 and 120 s and then 
a) soaked at lower temperatures (500, 600, or 700 ºC) for 20 s prior to deformation and 
quenching, and b) specimens held at 850 ºC for 2 s and then soaked at 700 ºC for 5, 20 or 60 s 
prior to deformation and quenching (deformation in uniaxial tension). 

3.3 Characterization and Phase Quantification Techniques 

Techniques used for characterization of the alloyed coatings after processing, and 

quantification of the amounts of each phase are described in this section. For the microscopy 

based techniques in which alloyed coating cross-sections were analyzed, samples were sectioned 

longitudinally (to best observe the transverse cracks through the coating), mounted and polished 

to 0.02 μm using Struers OP-AN neutral alumina-based slurry for the final polishing step. The 

OP-AN slurry was less reactive with the coating than conventional diamond slurries, however a 

slight etching effect between the different phases in the coating was observed. In cases where an 

etched microstructure was desired, a two-step etchant from Jordan et al. [40] was used to reveal 

the alloyed coating microstructures, and 2 pct nital was used to reveal the substrate 

microstructures. 

X-ray Diffraction (XRD) 

After processing, X-ray Diffraction (XRD) was conducted on each specimen to determine 

the phases present in the coating. Each specimen was positioned such that the x-rays diffracted 

from the surface of the coating. A copper- (Cu-) Kα source was used for XRD and each scan was 

conducted between the two-theta (2θ) angles of 20-100º. This 2θ range was chosen based on 

work by other researchers on Fe-Zn phases in Zn-based coatings who showed that important 

peaks corresponding to ζ and α [6], and η, Γ, and Γ1 [7], could be observed in this range when 

using a Cu-Kα source. The calculated penetration depth of the X-rays into the Fe-Zn coating was 
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between 9.42 and 16.2 μm, where the calculated penetration depth increased with Zn content 

(details of the calculations are shown in Appendix B). Based on previous work, where the total 

alloyed coating layer thickness was about 20 μm or less [23], it was expected that X-ray 

diffraction would be sufficient for phase identification through the majority of the alloyed layer. 

Electron Microprobe Analysis (EPMA) for Composition Measurement 

Quantitative compositional information was obtained using a JEOL JXA-8530F 

HyperProbe field-emission electron probe microanalyzer (FE-EPMA), courtesy of Sandia 

National Laboratories (Albuquerque, NM). Traces were performed perpendicular to the coating 

surface, from the substrate through the coating and to the sample surface. The principles and data 

output of EPMA are similar to that of energy dispersive X-ray spectroscopy (EDS) but with 

better energy/wavelength resolution, and spatial resolution of about 1 μm, with the ability to 

detect the amount of an element present within 1-2 pct accuracy [41]. Armstrong et al. recently 

showed that the optimum voltage range to achieve the minimum analytical volume in Fe, 

titanium (Ti) and gold (Au), is about 5-8 kV [42]. Thus, an accelerating voltage of 10 kV was 

used in this study to ensure that all elements of interest could be detected, and that the interaction 

volume was minimized. Operating an FE-EPMA at this voltage results in a theoretical interaction 

volume about 0.2 µm diameter [42]; this small probe size was desired to obtain accurate 

composition measurements of features in the coating which were 1 µm or less in diameter. A 

step size of 0.25 µm was used for each 40 µm trace. One EPMA trace was performed on a 

specimen heated at each of the various rates, with detection of Fe, Zn, manganese (Mn), and 

aluminum (Al). Comparisons of the compositions obtained from the EPMA trace to the 

equilibrium binary Fe-Zn phase diagram were conducted to identify the phases present in the 

alloyed coatings.  

Focused Ion Beam (FIB) Lift out Technique  

Focused ion beam (FIB) lift outs were obtained from samples heated at 2-100 ºC/s to 

775 ºC. For each sample condition, one lift out was taken from the substrate, across the alloyed 

coating, to the coating surface. Each lift out was then attached to a Cu holder for analysis. Figure 

3.5 shows images taken during the FIB lift out process including a a) BSE image of the cross 

section of an alloyed sheet sample showing the location of the lift out (indicated by a rectangle), 

b) the platinum- (Pt-) covered region of interest with trenches milled on either side to free the lift 
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out, and c) a backscatter electron (BSE) image of a lift out from a heat treated sample (heated at 

100 ºC/s to 775 ºC, held 2 s, then quenched) after attachment to a Cu holder. The dashed line in 

c) indicates the interface between the Fe-rich substrate and Fe-Zn alloyed coating layer.  

 

  
(a) (b) 

  
(c) 

Figure 3.5 - FIB lift out process showing a) BSE image of the cross section of an alloyed sheet sample 
indicating the location of the lift out (white rectangle), b) the Pt-covered region of interest 
with trenches milled on either side to free the lift out, and c) backscatter electron (BSE) 
image of a lift out from a heat treated sample (heated at 100 ºC/s to 775 ºC, held 2 s, then 
quenched) after attachment to a copper (Cu) holder. The dashed line in c) indicates the 
interface between the Fe-rich substrate and Fe-Zn alloyed coating layer. 

Transmission Electron Microscopy (TEM)  

A TalosTM F200X transmission electron microscope (TEM) was used to conduct high 

resolution EDS for local composition measurement, and to obtain selected area diffraction 

patterns (SADPs) for local crystal structure determination from phases in the alloyed coatings. 

The EDS data were ZAF corrected and reprocessed to obtain color maps and spots showing 

quantitative compositions of the Fe-Zn phases. Indexing of diffraction patterns was conducted by 

manually measuring the distance between the diffraction spots and comparing the resulting g-

Fe-Zn Fe 

Fe Fe-Zn 

Pt layer 
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ratios, interplanar angles, and d-spacings to the data calculated for each Fe-Zn binary phase as 

simulated in the JEMS software. TEM results are discussed in Chapter 4. 

Scanning Electron Microscopy (SEM) and Quantitative Image Analysis (QIA) 

To compare the phase distributions within the coating under different heating conditions, 

samples were sectioned longitudinally and prepared by conventional metallographic techniques 

for light optical microscopy (LOM) and scanning electron microscopy (SEM). A two-step 

etching procedure adapted from Jordan et al. was used to reveal the Fe-Zn phases in the coating 

after processing [8]. A qualitative comparison of the phases formed in the coating as a result of 

different heating rates was conducted, while quantitative analysis of the fraction of phases was 

conducted on the single– and two- step isothermally soaked specimens. Analysis of the coated 

cross sections was conducted within 4 mm of the sample mid-length position on all specimens. 

Backscattered electron (BSE) images of the alloyed coatings were acquired for all 

specimens. Each phase appears as a different gray level in the BSE images, due to the difference 

in atomic number contrast, with Zn-rich regions appearing bright, and Fe-rich regions appearing 

dark. Compositions obtained from EDS spots were overlaid on each BSE image to correlate the 

compositions to each gray level, and thereby help identify the phases in the BSE images. Figure 

3.6 shows an example BSE image of a two-step isothermally soaked specimen held for 2 s at 

850 ºC, and then for 20 s at 600 ºC, before being quenched to room temperature. The locations of 

EDS spots obtained from different regions in the coating are marked with circles, along with the 

composition (in wt pct Zn) and corresponding equilibrium Fe-Zn phase based on comparison to 

the equilibrium phase diagram. The interdiffusion layer at the coating-substrate interface had the 

most Fe-rich composition and was identified to be α in all specimens. 

After each phase was identified, quantitative image analysis was used to measure the 

fraction of each phase within the alloyed coatings. Gray thresholding was used to select each 

phase individually and the thresholded area was measured. Figure 3.7 shows examples of the 

gray thresholding process used on a BSE image of a specimen held for 2 s at 850 ºC and then 

quenched to room temperature, and the resulting image after thresholding, indicating: a) Zn-rich 

phase (lightest gray), or b) Γ and α phases (dark gray), each with the thresholded images shown 

on the right (thresholded area in red). Circles and arrows indicate examples of the same region 

that was thresholded, in both the original (left) and processed (right) images. 
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Figure 3.6 - BSE image of a two-step isothermally soaked specimen held for 2 s at 850 ºC, followed by 

holding for 20 s at 600 ºC, before being quenched to room temperature. The locations of EDS 
spots obtained from different regions in the coating are marked with small circles, along with 
the composition (in wt pct Zn) and corresponding equilibrium Fe-Zn phase interpreted based 
on comparison to the equilibrium phase diagram.  

 

 

 
(a) 

 
(b) 

Figure 3.7 - Examples of thresholding technique used for image analysis on a BSE image of a specimen held 
for 2 s at 850 ºC and then quenched to room temperature, and resulting image after thresholding 
a) Zn-rich phase (lightest gray), or b) Γ and α phases (dark gray), each with the thresholded 
images shown on the right (thresholded area in red). Circles and arrows indicate examples of 
the same region that was thresholded, in both the original (left) and processed (right) images 
(color image; refer to PDF thesis file). 
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The grey threshold ranges for Γ and α were very similar and measured compositions from 

EDS were relied upon to distinguish the two phases for area measurements. The amount of Γ and 

α together, as well as α alone were thus measured for all cases. The total alloyed coating was also 

thresholded so that area fraction of each phase could be calculated. Figure 3.8 shows a a) BSE 

image of a two-step isothermally soaked specimen held for 60 s at 850 ºC and then quenched to 

room temperature, and processed images showing the thresholded regions of the area 

corresponding to the b) total alloyed coating, c) δ phase (light gray), d) Γ1 phase (intermediate 

gray), e) Γ and α phases (dark gray), and f) α phase only (slightly darker gray). The results of the 

area fraction measurement obtained from the BSE images are presented in Chapter 5. 

 

 
850 ºC, 60 s 

 

 
Total coating thresholded area 

 

 
δ thresholded area  

(light gray) 
(a) (b) (c) 

 
Γ1 thresholded area  
(intermediate gray) 

 
Γ and α thresholded area  

(dark gray) 

 
α thresholded area  

(dark gray) 
(d) (e) (f) 

Figure 3.8 - a) BSE image of a two-step isothermally soaked specimen held for 60 s at 850 ºC and then 
quenched to room temperature, and processed images showing the thresholded regions of the 
area corresponding to the b) total alloyed coating, c) δ phase (light gray), d) Γ1 phase 
(intermediate gray), e) Γ and α phases (dark gray), and f) α phase only (slightly darker gray). 
The phases of interest are shown in black. 
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CHAPTER 4 : RESULTS AND DISCUSSION: EFFECT OF HEATING RATE ON FE-ZN 
ALLOYING 

4.1 Introduction 
As mentioned in previous chapters, alloying between the coating and substrate occurs during 

heating of PHS to the austenitizing temperature. The Fe-Zn phases that form during heating may 

influence the amount of Zn-rich liquid present in the coating upon reaching the austenitizing temperature. 

If the formation of more Fe-rich phases could be achieved during heating (as a result of enhanced alloying 

on heating), it is possible that the soak time required at elevated temperature to minimize Zn-rich liquid in 

the coating could be reduced. To understand the extent of Fe-Zn interdiffusion during heating, specimens 

heat treated via systematically different heating rates, as described in Section 3.2 were compared. The 

results of phase identification in the coatings and discussion of the coating evolution as it relates to the 

presence of Zn-rich liquid at elevated temperature are presented in this chapter. 

4.2 X-ray Diffraction (XRD) 
XRD was performed to determine the phases present in the alloyed coating as a function of 

heating rate. Figure 4.1 shows relative intensity versus 2θ for 22MnB5 GI samples heated to 775 ºC at 

100, 50, 10, 5, or 2 ºC/s. The reflections corresponding to the phases observed in each condition are 

labeled. The XRD scan for the as-received 22MnB5 GI sheet exhibited intensity at 2θ = 36.1º and 43.1º 

corresponding to ηZn, the most Zn-rich phase on the Fe-Zn phase diagram. The presence of this phase 

indicates a very low Fe content in the as-received coating, as expected, since the galvanized coating is an 

almost “pure Zn” coating. The spectra from the 100 ºC/s sample also showed peaks corresponding to ηZn 

phase as well as several lower intensity peaks; most peaks corresponded to δ, with one prominent peak 

(and two smaller peaks) corresponding to Γ [14, 17, 44]. The XRD spectra suggested that δ phase made 

up the majority of the 100 ºC/s alloyed coating and that only a small amount of Γ phase was present. The 

formation of δ phase also suggested that even at the fastest heating rate (and thus shortest alloying time), 

at least 7 wt pct Fe (minimum Fe content in δ phase) had diffused into the coating in regions within about 

10 μm of the surface (based on the XRD penetration analysis in Appendix B). The 50 ºC/s sample showed 

similar peaks to the 100 ºC/s sample, with most belonging to the δ phase, and a few corresponding to ηZn 

and Γ [14, 17, 44]. In the 50 ºC/s specimen, the relative intensity of the δ and Γ peaks also appeared to 

increase (compared to the ηZn peaks), suggesting further diffusion of Fe into the alloyed coating. The 

most noticeable difference between the peaks in specimens heated at sequential rates was observed 

between the 50 and 10 ºC/s specimens. In the 10 ºC/s specimen, a decrease in the intensity of the δ peaks 

and increase in the number of peaks corresponding to Γ were observed [14, 17, 44]. Peaks corresponding 

to ηZn were not observed, and the multiple small peaks near 2θ = 41-42º were replaced with a larger peak 
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closer to 2θ = 42.5º consistent with Γ and Γ1 peaks. The increase in intensity of the Γ peaks might be 

expected, as slower rates allow more time for Fe-Zn diffusion to occur, and thus for the formation of 

phases with higher concentrations of Fe. The specimen heated at 5 ºC/s showed a continued decrease in 

the intensity of the peaks corresponding to δ and an increase in intensity for peaks corresponding to Γ. 

Finally, the sample heated at 2 ºC/s exhibited peaks consistent almost exclusively with Γ; only two small 

peaks (both close to 2θ = 41º) corresponding to δ were observed, indicating additional Fe diffusion into 

the coating at the slowest heating rate. It is worth noting that though the formation of α Fe(Zn) phase was 

expected at the coating-substrate interface, where Fe-Zn interdiffusion would be the highest, neither peaks 

corresponding to this phase (nor ferrite associated with the steel substrate below the coating) were 

observed in the XRD data for any heating rate. In order to verify the structure of the phases closer to the 

coating-substrate interface, and in particular the presence of the αFe(Zn) phase, additional techniques 

were used to verify the structure and the results are discussed in Sections 4.4 and 4.5. To obtain 

information about the distribution of the phases in the alloyed layer, the Zn-coated cross-sections of the 

specimens were imaged and the results are presented in the next section. 

 

 
Figure 4.1 - XRD spectrum of relative intensity versus 2θ for 22MnB5 GI specimens (from top to bottom): 

as-received (no heat treatment), or heated to 775 ºC/s at 100, 50, 20, 10, 5, or 2 ºC/s, stabilized 
for 2 s, and then He quenched to room temperature.  
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4.3 Comparison of Phase Morphology and Distribution via LOM 
All specimens were sectioned at the mid-width and mounted and polished according to the 

procedure outlined in Section 3.3. Figure 4.3 shows light optical images of etched 22MnB5 GI samples 

heated to 775 ºC at a) 100, b) 50, c) 10, d) 5, or e) 2 ºC/s, allowed to stabilize for 2 s, and then He 

quenched (at a rate of at least 100 ºC/s) to room temperature. All specimens were etched with a two-step 

etchant from Jordan et al. to reveal the Fe-Zn phases [40]. In the LOM images, the Zn-rich regions of the 

coating appear light, while more Fe-rich regions appear dark.  

The alloyed coating in the sample heated at 100 ºC/s to 775 ºC appeared to be largely comprised 

of light regions (interpreted as Zn-rich), with a darker (interpreted as Fe-rich) second phase region present 

only at the coating-substrate interface. The intermetallic features present at the interface indicate that Fe-

Zn diffusion at the interface occurs quickly, as the sample heated at 100 ºC/s experienced only a few 

seconds at elevated temperature (during both heating and holding). The 100 and 50 ºC/s specimens 

(Figure 4.2 a) and b), respectively) showed similar phase morphology and distribution in the alloyed 

layer; only the relative size of the intermediate gray features appeared to increase slightly in the 50 ºC/s 

specimen. A continued increase in the amount of dark etching (Fe-rich) phases throughout the alloyed 

coatings was also observed with decreased heating rate. The most distinct change in the alloyed layer 

morphology was observed between the 50 and 10 ºC/s heating rate specimens. The 10 ºC/s specimen 

appeared to have larger and darker particles, and an increased fraction of dark features dispersed 

throughout the alloyed coating. The 2 ºC/s sample exhibited a coating comprised of the most dark phases 

distributed throughout the coating. It may be expected that this coating would have the largest amount of 

Fe-rich phases, as this specimen experienced the most time at elevated temperature, and thus the most 

time was allowed for Fe-Zn diffusion. An increase in the apparent coating thickness with decreased 

heating rate was also observed, also indicating a greater extent of Fe-Zn diffusion. 

The phases present in the coating cannot be identified directly based on the LOM images, but 

comparison to the XRD results discussed earlier provides some idea of the alloyed layer evolution. Peaks 

corresponding to δ and Γ were observed in both the 50 and 100 ºC/s samples heated to 775 ºC, and thus 

the coating may be largely δ (lighter gray, Zn-rich region) with some regions of Γ (dark gray, more Fe-

rich particles) at the coating-substrate interface. The change in phase morphology and distribution 

between the 50 and 10 ºC/s conditions may compliment the XRD data, as the most notable increase in 

peaks corresponding to Γ also occurred between these two heating rate conditions. Comparing the XRD 

results to the LOM images of the 5 and 2 ºC/s specimens, it is inferred that the coating was mainly 

comprised of Γ, with some small regions of δ (i.e. lighter phase regions). In order to verify the distribution 

of the phases in the coatings, local composition and structure measurements were needed to identify each 

phase, and the results from these techniques are presented in the following sections. 
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(a) (b) (c) 

  

(d) (e) 
Figure 4.2 - LOM images of 22MnB5 GI samples heated to 775 ºC at a) 100 b) 50, c) 10, d) 5, or 

e) 2 ºC/s, stabilized for 2 s, and He quenched to room temperature. Etched with two-step 
method based on Jordan et al. [40]. 

 

4.4 EPMA Traces for Local Composition Measurement 
As described in Section 3.3, electron microprobe analysis (EPMA) traces were performed on 

polished cross-sections to verify the composition of phases in the alloyed coatings. Figure 4.3 shows BSE 

images and composition profiles obtained from EPMA of 22MnB5 GI samples heated to 775 ºC at a) 100, 

b) 50, c) 10 ºC/s, d)5 ºC/s, or e) 2 ºC/s. The samples were allowed to stabilize for 2 s, before being He 

quenched to room temperature. The phase regions from the Fe-Zn phase diagram which correspond to the 

compositions measured with EPMA (overlaid at 775 ºC) are indicated on each profile in Figure 4.3.  

Because the samples were heated to 775 ºC, the phases are identified in the coating based on the 

phase regions present on the Fe-Zn equilibrium phase diagram at this temperature. Actual phases in the 

microstructure at room temperature are different, due to changes in the phase stability during quenching 

from 775 ºC. The coating of the sample heated at 100 ºC/s showed compositions corresponding to the Γ 

phase at the coating-substrate interface, and Γ+L as the main phases in the coating that continued to the 

coating surface Small second phase regions were also observed, though the EPMA trace did not intersect 

with these regions and thus compositions were not obtained for these features. The 50 ºC/s sample also 

Coating 

Substrate 
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exhibited Γ phase at the coating-substrate interface, and higher Zn content regions in the remainder of the 

coating. The compositions obtained from the main coating phase thus corresponded to the Γ+L region of 

the phase diagram at 775 ºC, but in general had slightly lower Zn content than the sample heated at 

100 ºC/s. The reduced Zn content suggested (in agreement with the XRD results) more diffusion of Fe 

into the Zn coating occurred in the 50 ºC/s sample than in the 100 ºC/s sample.  

The sample heated at 10 ºC/s exhibited compositions at the coating-substrate interface 

corresponding to αFe(Zn)+Γ, and Γ phase closer to the coating surface. In the remainder of the coating, 

regions which were more Zn-rich, and in general corresponded to the Γ or Γ+L regions at 775 ºC, were 

detected. All samples exhibited compositions consistent with the αFe(Zn) phase at the coating-substrate 

interface, and the 5 ºC/s alloyed coating also showed regions having compositions consistent with 

αFe(Zn)+Γ and Γ+L. The sample heated at 2 ºC/s showed compositions consistent with αFe(Zn) at the 

coating-substrate interface over a longer distance (i.e. thicker) than in the 5 ºC/s sample, as well as 

compositions consistent with Γ and αFe(Zn) phases further from the interface.  

The microprobe results from these samples indicated that for all heating rates, except 2 ºC/s, the 

coating exhibited regions with compositions which would correspond to Zn-rich liquid at elevated 

temperature. This suggested that some Zn-rich liquid would have been anticipated to be present upon 

reaching 775 ºC, and that additional soaking at this temperature would be required in order to completely 

eliminate Zn-rich liquid (via isothermal alloying). Because the specimen heated at 2 ºC/s exhibited 

compositions that would have been completely solid at 775 ºC (i.e. Γ and αFe(Zn)), Zn-rich liquid would 

not have been expected in this specimen upon reaching the target temperature. Comparing to the XRD 

data that showed some peaks corresponding to δ and Γ for each heating rate, this may suggest that the Zn-

rich liquid present at 775 ºC transforms to δ upon quenching. This might be expected based on the Fe-Zn 

phase diagram, as a peritectic reaction occurs 665 ºC (the Γ+L δ [10]). 

As mentioned in earlier sections, XRD may have penetrated only part way through the coating 

thickness (especially in coatings with thicker alloy layers comprised of more Fe-rich phases, Appendix 

B), and thus it was necessary to perform TEM to obtain crystallographic information from phases closer 

to the coating-substrate interface. The next section presents the results of TEM analysis to determine the 

local composition and structure (and thus confirm the nature) of features closer to the coating-substrate 

interface. 
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(a) (b) (c) 

  
(d) (e) 

Figure 4.3 - BSE images and composition profiles obtained from EPMA of 22MnB5 GI samples heated to 
775 ºC at a) 100, b) 50, c) 10, d) 5, e) 2 ºC/s, stabilized for 2 s, and He quenched to room 
temperature. The phase regions on the Fe-Zn phase diagram which correspond to the 
compositions measured with EPMA at 775 ºC are indicated on each profile. 
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4.5 Transmission Electron Microscopy (TEM)  
A TalosTM F200X was used to conduct high resolution EDS for local composition measurement, 

and to obtain SADPs for local crystal structure information from phases in the alloyed coatings. Figure 

4.4 shows a bright field image of a lift out from the specimen heated at 100 ºC/s to 775 ºC; the magnified 

regions show quantitative color EDS composition maps for Zn and Fe content in wt pct.  Figure 4.5 

shows an image of the same lift out (100 ºC/ to 775 ºC) with a different magnified region; the magnified 

region with grains labeled 1, 2, or 3, shows grains where SADPs and EDS measurements were collected. 

As mentioned in Section 3.3, indexing of the diffraction patterns was conducted by manual measurement 

and comparison to Fe-Zn binary phase patterns simulated in the JEMS software (results are shown in 

Appendix C). From this analysis, it was determined that grains 1 and 3 had compositions and structures 

consistent with Γ1, and that grain 2 was consistent with Γ. 

Coupling the EDS and SADP results taken from the same grains, the equilibrium phases (i.e. 

phases present on the equilibrium Fe-Zn phase diagram) were clearly identified in all grains analyzed. 

The agreement between local composition and structure information with equilibrium Fe-Zn phases 

excludes the presence of metastable phases in the alloyed coating. Further, the composition and structure 

agreement suggests that composition measurements, and subsequent comparison to the equilibrium Fe-Zn 

phase diagram, are well suited for phase identification throughout the alloyed coating. Thus, coupled 

XRD and EPMA results were also used for phase identification in Chapter 5.  

 

 

 

Figure 4.4 - Bright field image of specimen heated at 100 ºC/s to 775 ºC, held 2 s, and 
quenched to room temperature. The magnified region shows an EDS 
composition map with a color intensity legend representing the variation 
in composition of the region in wt pct (color image; refer to PDF thesis 
file). 
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Figure 4.5 - Bright field image of specimen heated at 100 ºC/s to 775 ºC, held 2 s, and 
quenched to room temperature. The magnified region, with grains labeled 
1, 2, or 3, indicating grains where SADPs and EDS composition 
measurements were obtained. 

4.6 Summary 
In this chapter, the extent of alloying between the coating and substrate was compared for 

specimens heated to 775 ºC at rates from 2 -100 ºC/s. The microstructures of the alloyed coatings were 

investigated using XRD LOM, EPMA, and TEM. The main conclusions from this portion of the work are 

summarized below: 

 With decreased heating rate, the amount of Fe-rich phases increased, indicating that the 

amount of liquid at 775 ºC also decreased. 

 
 EDS and SADPs were obtained from several grains in the 100 ºC/s specimen, and used to 

verify the presence of equilibrium Fe-Zn phases. The compositions obtained from the 

EPMA profiles on the 100 ºC/s specimen were consistent with the Γ or Γ+L regions of the 

phase diagram (775 ºC), while peaks corresponding to Γ and δ were observed in the XRD 

data. These results may indicate that some of the Zn-rich liquid at elevated temperature 

transforms to δ on cooling.  

 
 In the 2 ºC/s sample (slowest heating rate), compositions corresponding to αFe(Zn) and Γ 

were measured, while most XRD peaks corresponded to Γ. The absence of phases richer 

in Zn (and thus Zn-rich liquid at elevated temperature) as a result of heating at 2 ºC/s may 

suggest that little or no soak time would be required prior to deformation in order to prevent 

liquid Zn penetration and/or LME in the press-hardening step. 
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The most industrially relevant finding from the heating rate work was the demonstration that a 

2 ºC/s heating rate provided sufficient time at temperature for formation of Γ and αFe(Zn) throughout the 

coating (i.e. reduced Zn-rich liquid) on heating to temperatures relevant to hot-stamping. For the next 

portion of the study, preservation of Zn-rich liquid upon reaching the target (austenitizing) temperature 

was of interest so that the extent of Zn-rich liquid reduction during single- and two-step isothermal 

holding (as described in Section 3.2) could be characterized. Therefore, the fastest, stable heating rate, 

100 ºC/s was selected for heating the specimens to elevated temperature for the next portions of the study, 

reported in Chapter 5. 
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CHAPTER 5 : RESULTS AND DISCUSSION: EFFECT OF ISOTHERMAL HOLDING ON 
ALLOYING AND OBSERVED CRACKING RESPONSE  

5.1 Introduction 
As mentioned in Section 2.4, characterization of the phases in alloyed coatings that have been 

austenitized and then pre-cooled prior to deformation has not been reported in literature. Thus, a main 

contribution of this work was to identify the phases and measure the fractions of phases present in the 

coatings after single- and two-step heat treatments. The first portion of this section will cover the phases 

identified and quantified in the coatings of specimens heat treated at 850 ºC, for 2, 60 or 120 s, (referred 

to in this chapter as “850 ºC, 2 s+quench”, “850 ºC, 60 s+quench”, “850 ºC, 120 s+quench” baseline 

conditions), and specimens heat treated by subsequently holding at 700 ºC, 600 ºC, or 500 ºC, typically 

for 20 s (referred to as “850 ºC, 2 s + 700 ºC, 20 s”, “850 ºC, 2 s + 600 ºC, 20 s” etc). Phase identification 

and phase fraction measurements were also conducted for specimens heat treated at 850 ºC, 2 s + 700 ºC, 

5 or 60 s, and are presented prior to the analysis of the deformed specimens. 

5.2 Effect of Soak Time and Temperature on Coating Microstructural Evolution  

Phase Identification 
In this section, identification of the phases and measurement of phase fractions in undeformed 

specimens is discussed. The XRD data are presented along with BSE images (with the phases indicated in 

the microstructure) to understand the microstructural evolution. Each set is presented with the baseline 

condition (i.e. 850 ºC, 2 s+quench, 850 ºC, 2 s + 700 ºC, 20 s, 850 ºC, 2 s + 600 ºC, 20 s, 850 ºC, 2 s + 

500 ºC, 20 s), so that the effect of the second hold step on the phase evolution can be discussed. Some 

variation in coating thickness was observed for all specimens and is apparent in the example images 

presented for each case. For phase fraction measurements presented later, images from locations in the 

coating (near the sample center) that captured different coating thicknesses, in order to obtain data from a 

representative average coating thickness. 

Structure information for the phases in the alloyed layer at room temperature was 

obtained from XRD. Peaks in the XRD spectra presented in this section are labeled with the 

phases corresponding to the 2θ peak position and relative intensities. Peaks labeled with two 

phases (i.e. Γ1+Γ) indicate that both phases had intensities expected at about the same 2θ peak 

position, meaning that both may have contributed to the observed peak intensity. Figure 5.1 

shows a) XRD spectra showing relative intensity versus 2θ for 22MnB5 GI samples that were 

heated at 100 ºC/s to 850 ºC, and allowed to stabilize for 2 s and air quenched to either (from top 

to bottom): 700, 600 or 500 ºC (and held for 20 s), or to room temperature. Peaks corresponding 
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to δ, Γ1, Γ were present in the XRD spectra for all specimens soaked at 850 ºC for 2 s (both with 

and without a second isothermal hold step). In general, the intensity of the Γ1 and Γ peaks 

increases with increased second-step soak temperature (i.e. from 500 - 700 ºC) for all conditions. 

The intensity of peaks corresponding to δ are similar for most conditions, and only decreases 

noticeably in the specimen held at 700 ºC for 20 s during the second isothermal hold step. 
Figure 5.1 also shows BSE images of each specimen heated to 850 ºC and soaked for 2 s 

before being held at b) 700 ºC for 20 s, c) 600 ºC for 20 s, d) 500 ºC for 20 s, e) or directly 

quenched to room temperature. The phases identified via relative composition (from EPMA) are 

labeled on the corresponding gray threshold region on each BSE image. In the BSE images, the 

amount of each phase (distinguished by the amount of each shade of gray) appears similar 

between the samples processed at 850 ºC, 2 s +quench and the 850 ºC, 2 s +500 ºC, 20 s (Figure 

5.1d and Figure 5.1e, respectively). In both specimens, the δ phase (brightest gray region) 

comprises most of the coating, and Γ1 and Γ are present closest to the coating-substrate interface. 

The similar alloyed coating microstructures suggest that minimal additional alloying occurred 

during the second isothermal hold at 500 ºC. In the BSE image of the 850 ºC, 2 s +600 ºC, 20 s 

(Figure 5.1c) specimen, the coating is comprised of Γ1 with smaller dispersed regions of δ and Γ. 

The amount of δ appears to be reduced, compared to the 850 ºC, 2 s +quench and 850 ºC, 2 s 

+500 ºC, 20 s specimens, indicating increased alloying with increased temperature. Finally, the 

850 ºC, 2 s +700 ºC, 20 s specimen exhibited minimal δ phase, located only near the coating 

surface. The coating of this specimen showed the most Fe-rich phases, indicating the greatest 

extent of Fe-Zn alloying occurred during the 700 ºC (highest temperature) second hold (Figure 

5.1b). 

Figure 5.2 shows a) XRD relative intensity versus 2θ for 22MnB5 GI samples that were 

heated at 100 ºC/s to 850 ºC, and allowed to stabilize for 60 s and air quenched to either (from 

top to bottom): 700, 600 or 500 ºC (and held for 20 s), or to room temperature. Figure 5.2 also 

shows BSE images of each specimen heated to 850 ºC and soaked for 60 s before being soaked 

at b) 700 ºC for 20 s, c) 600 ºC for 20 s, d) 500 ºC for 20 s, e) or directly quenched to room 

temperature. The phases identified via composition (from EDS spots) are labeled on the 

corresponding gray threshold region on each BSE image.  
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(b) 850 ºC, 2 s + 700 ºC, 20 s 

 
(c) 850 ºC, 2 s + 600 ºC, 20 s 

 
(d) 850 ºC, 2 s + 500 ºC, 20 s 

 
(a) (e) 850 ºC, 2 s, Quench to RT 

Figure 5.1 - a) XRD relative intensity versus 2θ for 22MnB5 GI samples heated at 100 ºC/s to 
850 ºC, held for 2 s and air quenched to either (from top to bottom): 700, 600 or 
500 ºC (and held for 20 s), or to room temperature. b-e) show BSE images of each 
specimen heated to 850 ºC and held for 2 s before being soaked at b) 700 ºC for 20 s, 
c) 600 ºC for 20 s, d) 500 ºC for 20 s, e) or directly quenched to room temperature. 
The phases identified via relative composition (from EDS spots) are labeled on the 
corresponding gray regions on each BSE image. 

 

The 850 ºC, 60 s+quench specimen showed increased intensity of peaks corresponding to 

Γ1 and Γ, but similar intensity in δ peaks, compared to the 850 ºC, 2 s+quench specimen (Figure 

5.1). The BSE image of this specimen (Figure 5.2e) exhibited a coating still comprised mostly of 

δ at the coating surface, but also shows a significant increase in the size and amount of Γ phase, 

with an accompanying increase in Γ1 (between regions of Γ and δ). The XRD spectrum from the 
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850 ºC, 60 s +500 ºC, 20 s specimen shows a decrease in the δ peak intensity (compared to 

850 ºC, 60 s+quench); this is also reflected in the BSE image where only small regions of δ 

remain in the coating. The decrease in δ indicates that additional alloying occurred during the 

500 ºC, 20 s isothermal hold step. 

The peaks in the 850 ºC, 60 s +600 ºC, 20 s and 850 ºC, 60 s +700 ºC, 20 s specimens 

corresponded to Γ1 and Γ; the 850 ºC, 60 s +700 ºC, 20 s specimen also showed an increase in 

the intensity of peaks corresponding to Γ, indicating an increase in the amount of Γ with 

increased second hold temperature. Both Γ1 (lighter gray) and Γ (darker gray) were observed in 

the BSE images of these specimens, with the Γ regions appearing to consume more of the 

coating in the 850 ºC, 60 s +700 ºC, 20 s specimen. As may be expected from the XRD spectra, 

bright regions consistent with δ were not observed after 60 s at hold temperatures above 500 ºC, 

likely due to increased alloying between the coating and substrate with increasing second step 

hold temperature. 

Figure 5.3 shows a) XRD relative intensity versus 2θ for 22MnB5 GI samples that were 

heated at 100 ºC/s to 850 ºC, held for 120 s and air quenched to either (from top to bottom): 700, 

600 or 500 ºC (and held for 20 s), or to room temperature. Figure 5.3 also shows BSE images of 

specimens heated to 850 ºC, soaked for 120 s and then soaked at b) 700 ºC for 20 s, c) 600 ºC for 

20 s, d) 500 ºC for 20 s, e) or directly quenched to room temperature. The phases identified via 

relative composition are labeled on the corresponding gray threshold region on each image. 

The XRD spectrum of the 850 ºC, 120 s+quench specimen showed peaks consistent with 

δ, Γ1, and Γ, with the highest peak intensities corresponding to Γ1, and Γ. In the corresponding 

BSE image of the 850 ºC, 120 s+quench specimen (Figure 5.3e), only a few small bright white 

regions corresponding to δ were observed, while the rest of the coating was consumed by Γ1, and 

Γ. The XRD spectra of all specimens held for an additional 20 s at each 500 ºC, 600 ºC, or 

700 ºC showed increased relative intensity in the Γ peaks versus Γ1 peaks as the second hold 

temperature increased. The δ phase was not detected in the specimens held for an additional 20 s 

at either 500 ºC, 600 ºC, or 700 ºC. The phase evolution in these specimens was also reflected in 

the BSE images, which all showed coatings mainly comprised of Γ, with Γ1. In general, the 

highest relative intensities corresponding to Γ and Γ1, as well as the increased apparent fraction 

of Γ are consistent with the greatest amount of alloying occurring in the specimens held for the 

longest time at highest temperature (850 ºC, 120 s).  
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(b) 850 ºC, 60 s + 700 ºC, 20 s 

 

(c) 850 ºC, 60 s + 600 ºC, 20 s  

 

(d) 850 ºC, 60 s + 500 ºC, 20 s 

 

(a) (e) 850 ºC, 60 s, Quench to RT 

Figure 5.2 - a) XRD relative intensity versus 2θ for 22MnB5 GI samples heated at 100 ºC/s to 
850 ºC, soaked 60 s and air quenched to either (from top to bottom): 700, 600 or 500 ºC 
(and held for 20 s), or to room temperature. b-e) show BSE images of each specimen 
held at 850 ºC for 60 s before being soaked at b) 700 ºC for 20 s, c) 600 ºC for 20 s, d) 
500 ºC for 20 s, e) or directly quenched to room temperature. The phases identified via 
EDS are labeled. 
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(b) 850 ºC, 120 s + 700 ºC, 20 s 

 
(c) 850 ºC, 120 s + 600 ºC, 20 s  

 
(d) 850 ºC, 120 s + 500 ºC, 20 s 

 
(a) (e) 850 ºC, 120 s, Quench to RT 

Figure 5.3 - a) XRD relative intensity versus 2θ for 22MnB5 GI samples heated at 100 ºC/s to 
850 ºC, held for 120 s and air quenched to either (from top to bottom): 700, 600 or 
500 ºC (and held for 20 s), or to room temperature. b-e) show BSE images of each 
specimen held at 850 ºC for 120 s before being soaked at b) 700 ºC for 20 s, c) 600 ºC 
for 20 s, d) 500 ºC for 20 s, e) or directly quenched to room temperature. The phases 
identified via EDS are labeled. 

 

In summary, the XRD from all specimens exhibited peaks indicative of Γ1 and Γ, with the 

shortest hold time at elevated temperature conditions also including peaks indicative of δ. For 

each set of specimens soaked for the same time at 850 ºC (either 2 s, 60 s, or 120 s), the most 

significant increase in XRD peaks corresponding to Fe-rich phases occurred during subsequent 
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holding at 700 ºC. BSE images also suggested increased size and amount of Fe-rich phases in the 

700 ºC specimens, and the quantitative fraction of each phase will be presented in the next 

section. 

Phase Fraction Measurements 

Phase fraction measurements were conducted via QIA and the room temperature phase 

fractions are discussed here. Figure 5.4 plots of phase fraction (vol. pct) for all phases (δ, Γ1, 

α+Γ) versus hold temperature for specimens held a) 850 ºC, 2 s+500, 600, or 700 ºC, 20 s, 

b) 850 ºC, 60 s+500, 600, or 700 ºC, 20 s, c) 850 ºC, 120 s+500, 600, or 700 ºC, 20 s (or cooled 

directly to room temperature from 850 ºC. The fractions of α+Γ are reported together because 

these phases were assumed to be solid immediately prior to quenching from each second-step 

soak temperature (500 - 700 ºC). Each data point represents the average value, and the error bars 

are the standard deviation based on measurements conducted on three images of each sample 

condition. 
As mentioned in relation to the XRD data and the accompanying BSE images, the specimens heat 

treated at 850 ºC, 2 s and 850 ºC, 2 s+500 ºC, 20 s (Figure 5.4a) showed similar amounts of each phase; the 

coatings were comprised of about 10-19 pct α+Γ, 19-33 pct Γ1, and the remaining 52-66 pct δ, respectively. 

In the specimen held at 600 ºC, 20 s during the second soak step, the fraction of α+Γ appeared to increase to 

about 34 pct, Γ1 comprised about 42 pct and the amount of δ decreased to about 23 pct (compared to the 

specimen held at 850 ºC, 2 s and then quenched to room temperature). The increase in fraction of more 

Fe-rich phases (α+Γ and Γ1) in the 600 ºC specimen compared to the 500 ºC specimen may be expected, as 

increased hold temperature would have allowed for increased Fe-Zn interdiffusion during holding. In the 

700 ºC specimen, the fraction of Fe-rich phases was the highest (α+Γ = 49 pct and Γ1 = 29 pct). 

The specimens heat treated at 850 ºC, 60 s+quench and 850 ºC, 60 s+500 ºC, 20 s (Figure 5.4b) 

showed similar fractions of α+Γ (about 50-55 pct), but a decrease in δ from about 30 to 4 pct during the 

500 ºC, 20 s hold. The 850 ºC, 60 s+500 ºC, 20 s specimen showed in increase in the fraction of Γ1 from 

about 15 to 40 pct (compared to the 850 ºC, 60 s+quench baseline) and a decrease in the amount of δ from 

about 30 to 3 pct. The 850 ºC, 60 s+600 ºC, 20 s and 850 ºC, 60 s+700 ºC, 20 s specimens showed very 

similar phase fractions of α+Γ and Γ1 compared to the 850 ºC, 60 s+500 ºC, 20 s specimen. The main 

difference between the phase fractions was the absence of δ in the 850 ºC, 60 s+600 ºC, 20 s and 850 ºC, 

60 s+700 ºC, 20 s specimens, suggesting that enough alloying to minimize δ was achieved in these 

conditions. 
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The 850 ºC, 120 s+quench and 850 ºC, 120 s+500 ºC, 20 s (Figure 5.4c) alloyed coatings showed 

about 70-75 pct α+Γ, 20-25 pct Γ1. About 5 pct δ remained in the 850 ºC, 120 s+quench specimen, however 

none was present at the end of the hold step in the two-step specimens. As the second step hold temperature 

increased (i.e. in the 850 ºC, 120 s+600 ºC, 20 s, 850 ºC, 120 s+700 ºC, 20 s), the Γ1 and α+Γ phase 

fractions appeared to stay constant. 

 

  
(a) (b) 

 
(c) 

Figure 5.4 - Plots of phase fraction (pct) for all phases (δ, Γ1, α+Γ) versus hold temperature for 
specimens held a)850 ºC, 2 s+500, 600, or 700 ºC, 20 s, b)850 ºC, 60 s+500, 600, or 700 ºC, 
20 s, c)850 ºC, 120 s+500, 600, or 700 ºC, 20 s (or cooled directly to room temperature from 
850 ºC. Data points represent the average value, and error bars are the standard deviation 
based on measurements conducted on three images of each sample condition. 
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From this analysis, several overall observations can be made. Most specimens had 

coatings containing δ, Γ1, Γ, and α, except specimens heat treated at 850 ºC, 120 s +500, 600, or 

700 ºC, 20 s (where δ phase was not observed). The highest fraction of δ was observed in the 

specimen heat treated at 850 ºC, 2 s, and the largest decrease in δ was observed between the 

specimens held at 2 and 60 s at 850 ºC. Overall, the fractions of each phase were similar between 

the single-step isothermally soaked specimens (at 850 ºC only), and two-step specimens soaked 

for an additional 20 s at 500 ºC. The main difference between the phase fractions in these 

specimens was observed for the δ and Γ1 phases; specimens soaked at 500 ºC, 20 s exhibited less 

δ and more Γ1 than the corresponding single-step specimens soaked for short and intermediate 

times (2 s, or 60 s) at 850 ºC. The sum of the δ and Γ1 phase fractions was the lowest (19.3 pct) 

in the 850 ºC, 120 s +700 ºC, 20 s coating, implying that this condition would have the lowest 

overall Zn content at room temperature. To better understand the coating microstructural 

development in the specimens heat treated under different hold time and temperature conditions, 

schematics were developed indicating the phases present at each step of the heat treating process 

(Appendix D). These schematics are meant to suggest the development that led to 

microstructures observed at room temperature, recognizing that additional experiments would be 

required to confirm the phase development during heat treating. 

Similar analysis of the coating microstructural evolution as a result of systematically 

varying second step hold time and temperature has not been reported in literature. The phases 

and amounts of phases present as a result of heat treatment should serve as a basis for industrial 

groups to understand the coating microstructures that may exist after different processing steps. 

Because the corrosion resistant nature of the alloyed coating is dictated by the Zn-content of the 

phases in the coating, the phase development presented here may in turn also lend insight into 

the expected corrosion resistance of the final hot-stamped coating. In industrial standards, the 

presence of Γ or at least 35 wt pct Zn in the final coating (after heat treatment) is sometimes 

called out as a requirement [44], and all conditions explored in this work exhibited some regions 

of at least 35 wt pct Zn (i.e. Γ and Γ1 were identified in all conditions). Several conditions also 

showed regions of δ, which would have higher Zn contents than required by industry. Thus, if 

the coatings with δ show reasonable performance during deformation, this work may provide 

some opportunity for expanded processing regimes. 
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In the next section, the phase identification and phase fraction results are used to 

comment on the cracking behavior of the specimens deformed at the end of the second- step 

isothermal hold. Because selected conditions were chosen to investigate the cracking response, 

XRD and phase fraction comparisons are described for each deformed set of specimens prior to 

presenting the cracking results.  

5.3 Effect of Soak Time and Temperature on Observed Cracking 

In order to understand the effect of the alloyed coating microstructure on deformation 

behavior of the GI PHS, specimens underwent two-step isothermal heat treatments and were then 

deformed at elevated temperature (500-700 ºC), according to the procedures outlined in Chapter 

3. In all cases, the specimens were first austenitized at 850 ºC, for 2, 60 or 120 s, (referred to in 

this chapter as “850 ºC, 2 s”, “850 ºC, 60 s”, “850 ºC, 120 s” conditions), followed by a hold at 

700 ºC, 600 ºC, or 500 ºC, typically for 20 s (referred to as “850 ºC, 2 s + 700 ºC, 20 s”, 

“850 ºC, 2 s + 600 ºC, 20 s” etc). The purpose of the selected heat treatment and deformation 

conditions was to assess the impact of the coating evolution on the deformation response (i.e. 

cracking in the alloyed coating and substrate). After deformation, the specimens were sectioned 

and analyzed to assess the presence (or absence) of cracks in the coating and/or substrate. The 

cracking behavior observed in each condition is discussed with relation to processing, amounts 

of phases, and thickness and composition profile of the αFe(Zn) layer.  

Before interpreting the cracking behavior observed in the deformed specimens, the 

anticipated state of the deformed coating and substrate microstructure was considered. The 

alloyed coatings in the undeformed and deformed specimens heat treated under the same 

conditions were compared to ensure that the alloyed coating microstructures were reproducible 

so that the effect of the alloyed coating microstructure on deformation response could be 

considered. A qualitative comparison between the alloyed coatings in the undeformed and 

deformed specimens suggested that the amounts of phases in the coatings processed under the 

same conditions were similar, and thus phase fraction analysis to interpret effects of 

microstructure evolution on deformation behavior was reasonable. 

To determine which phases would be anticipated in the specimen substrates during 

deformation (after the second-step isothermal holds), the second-step hold times and 

temperatures of interest were overlaid on a TTT diagram from Kurz et. al [45] published in 2016. 

Figure 5.5 shows a TTT diagram for 22MnB5 [45], with boxes overlaid indicating second-step 
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hold time and temperature conditions were deformation was performed (i.e. at 500, 600, or 

700 ºC). From the overlaid conditions, it was expected that specimens held at 850 ºC, 2 s + 

700 ºC, 5 s would have had an austenitic substrate microstructure during deformation, and thus 

also expected to have a fully martensitic microstructure (desired by industry) after processing. 

The substrates of the specimens held for 850 ºC, 2 s + 700 ºC, 20 or 60 s were expected to be 

primarily austenitic during deformation with some ferrite. The 850 ºC, 2 s + 600 ºC, 20 s 

specimen was also expected to have a mixed austenite and ferrite microstructure during 

deformation, but with much higher ferrite than the specimen heat treated at 700 ºC, 20 s 

austenitized for the same time. Finally, the 850 ºC, 2 s + 500 ºC, 20 s specimen was expected to 

have a substrate microstructure comprised of austenite and bainite during deformation. The 

850 ºC, 2 s + 700 ºC, 5 s was expected to exhibit the fully martensitic substrate microstructure 

(desired by industry) after processing.  

 

 
Figure 5.5 - TTT diagram for 22MnB5 [45], with boxes overlaid indicating second-step hold time and 

temperature conditions where deformation was performed. 
 

5.4 Effect of Second Step Soak Time on Deformation Response  

Phase Identification and Fraction Measurement  

Specimens were heat treated at 850 ºC, 2 s + 700 ºC, 5, 20 or 60 s, and then either 

deformed at 700 ºC or quenched to room temperature in order to understand the effect of 
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isothermal holding immediately prior to deformation on the cracking response. Structure 

information for the phases in the alloyed layer at room temperature was obtained from XRD. 

Peaks in the XRD spectra presented in this section are labeled with the phases corresponding to 

the 2θ peak position and relative intensities. Peaks labeled with two phases (i.e. Γ1+Γ) indicate 

that both phases had intensities expected at about the same 2θ peak position, meaning that both 

may have contributed to the observed peak intensity. Figure 5.6 shows a) XRD spectra showing 

relative intensity versus 2θ for 22MnB5 GI samples that were heated to 850 ºC, held for 2 s, air 

quenched to 700 ºC and held for either (from top to bottom): 60, 20, 5, or 0 s (0 s indicates the 

condition where the specimen was quenched to room temperature after holding at 850 ºC, 2 s).  

Peaks corresponding to δ, Γ1, Γ were present in the XRD spectra for all specimens soaked 

at 850 ºC for 2 s + 700 ºC, 5, 20, 60 s (or quenched to room temperature). η-Zn phase was not 

detected. The intensity of peaks corresponding to δ is similar for most conditions (as δ is the 

main phase present at the surface), and only decreased slightly in the specimen held at 700 ºC for 

60 s. The intensities of minor peaks associated with Γ1 and Γ peaks increased slightly with 

increased second-step soak time. Figure 5.6 also shows BSE images of each specimen heated to 

850 ºC and soaked for 2 s before being soaked at 700 ºC for b) 60 s, c) 20 s, d) 5 s, e) or directly 

quenched to room temperature. The phases labeled in the BSE images were identified via 

comparison of compositions (obtained from EPMA) to the Fe-Zn phase diagram. In the BSE 

images of the 850 ºC, 2 s and the 850 ºC, 2 s +700 ºC, 5 s specimens (Figure 5.6d and Figure 

5.6e, respectively), δ phase (brightest region) comprises most of the coating, and Γ1 and Γ are 

present closest to the coating-substrate interface. The similarity between the two conditions 

suggested that minimal alloying was achieved during the shortest soak time (5 s) at 700 ºC. The 

alloyed coating in the 850 ºC, 2 s +700 ºC, 20 s specimen (Figure 5.6c), was comprised of Γ1 

with smaller dispersed regions of Γ near the coating-substrate interface, and minimal δ phase, 

located near the coating surface. The 850 ºC, 2 s +700 ºC, 60 s coating showed the most Fe-rich 

phases, with even more consumption of the coating by Γ and α, and minimal Γ1 near the surface. 

The amount of δ at the coating surface appeared similar between the 20 and 60 s specimens. The 

850 ºC, 2 s +700 ºC, 60 s specimen exhibited the greatest extent of Fe-Zn alloying, which may be 

expected as this specimen experienced the longest time at elevated temperature. 

EPMA maps were obtained on specimens heat treated at 850 ºC, 2 s + 700 ºC, 5, 20, or 

60 s (and then deformed at 700 ºC) to illustrate the compositions of the phases in the alloyed 
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coatings. Figure 5.7 shows BSE images, and EPMA color maps of Zn wt pct, and Fe wt pct 

(respectively) for specimens heat treated at 850 ºC, 2 s + 700 ºC, a-c) 5, d-f) 20, or g-i) 60 s. In 

the specimen heat treated at 850 ºC, 2 s + 700 ºC, 5 s, the Zn wt pct map showed several regions 

that were bright red, consistent with compositions between 85-90 pct Zn, surrounded by orange 

and yellow regions that would correspond to 55-70 pct Zn. Comparison of these compositions to 

the phase diagram at low temperatures (i.e. 400 ºC and lower) suggested that the coating was 

largely comprised of δ, while regions around the δ, and near the coating-substrate interface had 

compositions more similar to Γ1 and Γ. This agrees with the XRD data that showed multiple 

peaks corresponding to δ, and some minor peaks corresponding to Γ1 and Γ. In the specimen heat 

treated at 850 ºC, 2 s + 700 ºC, 20 s, the red regions appeared smaller, suggesting less δ in the 

coating, and increased yellow and orange regions, suggesting more Γ1 and Γ. In the specimen 

heat treated at 850 ºC, 2 s + 700 ºC, 60 s, the red, orange, and yellow intensities were intermixed, 

suggesting Zn contents between 40-60 wt pct. The localized regions with red intensities 

indicative of δ were less pronounced, and perhaps only close to the coating surface, suggesting 

that Zn-rich δ was minimized after heat treatment and deformation in this condition. 

After the phases were identified via comparison of the composition and structure 

information, QIA was used to measure the fraction of each phase in the coating, as described in 

Chapter 3. Figure 5.8 shows a plot of phase fraction versus hold time at 700 ºC for all phases (δ, 

Γ1, Γ, α) identified in the alloyed coatings of specimens heat treated at 850 ºC, 2 s (plotted at 0 s 

hold time), 850 ºC, 2 s + 700 ºC, 5, 20, or 60 s. Each data point represents the average value, and 

the error bars are the standard deviations based on measurements conducted on three images of 

each sample condition. Lines connecting the data points are shown as a guide for the eye. The 

area fractions of Γ and α are displayed separately in this plot (and subsequent phase fraction 

plots, presented later) so that the fractions of liquid at elevated temperature could be 

approximated later (using lever rule calculations). Between the 0-5 s holds, the fractions Γ1, Γ 

and α appeared to increase by about 10 pct; this may compliment the XRD data and BSE images 

that suggested that the amounts of each phase did not appear to change significantly between the 

two specimens. With increased hold time at 700 ºC, the fraction of δ decreased, the fraction of Γ1 

increased by about 40 pct from 0 to 20 s, and then increased by 10 pct from 20 to 60 s. The 

fractions of Γ and α increased between 0 to 20 s and stayed almost constant from 20 to 60 s. The 

most significant increase in Fe-rich (Γ and α) phase fractions occurred between the 5 and 20 s 
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hold times, when the total phase fractions of Γ and α increased from about 22 to 49 pct. In 

general, the increases in Γ and α should also correspond to decreases in Zn-rich liquid present 

during elevated temperature deformation, as will be discussed in more detail later. 

 

 

 
(b) 850 ºC, 2 s + 700 ºC, 60 s 

 
(c) 850 ºC, 2 s + 700 ºC, 20 s 

 
(d) 850 ºC, 2 s + 700 ºC, 5 s 

 
(a) (e) 850 ºC, 2 s, Quench to RT 

Figure 5.6 - a) XRD relative intensity versus 2θ for 22MnB5 GI samples that were heated at 
100 ºC/s to 850 ºC, and allowed to stabilize for 2 s and air quenched to 700 ºC and held 
for either (from top to bottom): 60, 20, 5 s, or directly quenched to room temperature. 
b-e) show BSE images of each specimen heated to 850 ºC and soaked for 2 s before 
being soaked at 700 ºC for b) 60 s, c) 20 s, d) 5 s, e) or directly quenched to room 
temperature. The phases identified via relative composition (from EPMA) are labeled 
on the corresponding gray threshold region on each BSE image. 
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(a) (b) (c) 

 

  
(d) (e) (f) 

 

 
(g) (h) (i) 

Figure 5.7 - BSE images and EPMA color maps of Zn wt pct, and Fe wt pct (respectively) for specimens 
heat treated at 850 ºC, 2 s + 700 ºC, a-c) 5, d-f) 20, or g-i) 60 s (and deformed in tension to a 
displacement of 6.4 mm at 700 ºC prior to quenching) (color image; refer to PDF thesis 
file). 

 

 
Figure 5.8 - Plot of phase fraction (pct) versus hold time at 700 ºC for all phases (δ, Γ1, Γ, α) identified 

in the alloyed coatings of specimens heat treated at 850 ºC, 2 s (plotted at 0 s hold time), 
850 ºC, 2 s + 700 ºC + 5, 20, or 60 s. Data represent the average value, and error bars are 
the standard deviation based on measurements conducted on three images of each sample 
condition. 
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As mentioned in Chapters 2 and 3, reduction of Zn-rich liquid prior to deformation may 

minimize, and at some point, completely mitigate, cracking into the PHS substrate. To determine 

the fraction of each alloyed coating that may have been liquid at elevated temperature, the 

compositions associated with the phases in each coating were overlaid on the Fe-Zn phase 

diagram in the second step isothermal soak temperature range (i.e., 500-700 ºC). 

Figure 5.9 shows the Zn-rich side (50-100 wt pct Zn) of the binary Fe-Zn phase diagram 

with an overlaid gray box indicating the composition range corresponding to the δ, and Γ1 (most 

Zn-rich phases) extended to temperatures up to 700 ºC. As shown in Figure 5.9, δ, Γ1, Γ, and α 

exist as solid phases at 500 ºC, and δ, Γ, and α exist as solid phases at 600 ºC. Thus it is possible 

that these coatings would have been solid at the end of the second isothermal soak steps at 

500 ºC, 20 s or 600 ºC, 20 s (i.e. prior to deformation), and cracking due to Zn-rich liquid 

penetration would not be expected. In all specimens heat treated at 850 ºC, 2 s + 700 ºC, 5, 20, or 

60 s, either δ or Γ1 were the most Zn-rich of the phases observed, so compositions from these 

phases were overlaid on the Fe-Zn phase diagram at 700 ºC (deformation temperature for the 

specimens discussed in this section). At 700 ºC some compositions representing the most Zn-rich 

regions of the coatings (such as the regions of δ observed in the EPMA maps in Figure 5.7) 

would still lie in the Γ+L region of the phase diagram. Because only Γ and α are solid at 700 ºC, 

the regions of the coating that contain δ or Γ1 at room temperature, would have likely been 

mostly liquid at the end of the 700 ºC, 20 s soak step, and thus some liquid would be present 

during the deformation step at 700 ºC.  

 

 
Figure 5.9 - Zn-rich side (50-100 wt pct Zn) of the binary Fe-Zn equilibrium phase diagram with an 

overlaid gray box indicating the composition range corresponding to the δ, and Γ1 (most Zn-
rich phases) at room temperature, extended upward to temperatures up to 700 ºC. 
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Lever Rule Calculations to Estimate Volume Fraction of Zn-rich Liquid 

To estimate the amount of Zn-rich liquid that would have been present at 700 ºC, lever 

rule calculations were conducted using the fractions of δ and Γ1 that were measured at room 

temperature and the Zn solubility in the constituent phases of the two-phase regions δ+Γ1 (at 

400 ºC) and Γ+L (at 700 ºC) from the phase diagram. In the δ+Γ1 region, equilibrium 

compositions were obtained at 400 ºC because this was the lowest temperature at which the 

phase diagram is well defined. The lever rule allows for determination of the mass fractions of 

two constituents to be determined in a two-phase region at a given temperature, based on an 

average composition of the two phases, and the concentrations of an element in each phase (in 

this case, the concentration of Zn). Equilibrium was assumed at the temperatures of interest. This 

rule is expressed in Equation 5.1 (below) for calculating the fraction of Γ1 in the δ+Γ1 phase 

region: =                 (5.1) 

 

where     = wt fraction of Γ1 in the δ+Γ1 region 

 C     = wt pct Zn in δ in δ+Γ1 

 Caverage = wt pct Zn in δ+Γ1 C    = wt pct Zn in Γ1 in δ+Γ1 

If the compositions of δ are known at the temperature of interest Γ1, and the composition of the total 

“alloy” (in this case δ+Γ1), the fraction of Γ1 in the alloy can be calculated. In the present case, we know 

the fraction of Γ1 from the QIA measurements, and by using the compositions of δ and Γ1, given by the 

equilibrium phase boundaries, we can instead calculate Caverage, for the total δ+Γ1 regions of the coating. 

Rearranging Eq. 5.1 to solve for Caverage results in Eq. 5.2: =   − (   −   )       (5.2) 
 

If it is assumed that negligible changes in composition occur upon fast quenching from the deformation 

temperature (i.e. 700 ºC), it is possible that the Caverage in the δ+Γ1 region (low temperature) would also be 

close to the Caverage in the Γ+L region at elevated temperature (i.e. 700 ºC). In other words, the Caverage  
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estimated based on the measured δ or Γ1 fractions may be overlaid at 700 ºC, and then used to calculate 

the respective mass fractions of Γ and L at this temperature. The lever rule is shown again in Eq. 5.3, this 

time for calculating the fraction of liquid in the Γ+L region at 700 ºC: =                (5.3) 

In order to carry out the lever rule calculations mentioned above, the mass fractions of δ 

and Γ1 were needed so that the average composition in the δ+Γ1 phase region could be 

determined. Area measurement of both δ and Γ1 (obtained from QIA) were taken to be similar to 

the volume fractions that would have been present in the coating, and volume and density of 

each phase were used to calculate the mass of both δ and Γ1. The mass values were used to 

calculate the mass fraction of each phase (δ or Γ1) that would be present in the δ+Γ1 region of the 

phase diagram at low temperature (400 ºC). In conjunction with the compositions of each phase in 

the δ+Γ1 region, the fractions of each phase were then used to calculate the average composition 

(Caverage) in the combined phases (i.e. weight percent Zn in δ+Γ1) via Eq. 5.2. The Caverage was 

overlaid at 700 ºC in the Γ+L region of the phase diagram, and the lever rule was again used (Eq. 

5.3) to calculate the mass fraction of liquid present at 700 ºC. The volume fraction of Zn-rich 

liquid was then calculated assuming the density of liquid Zn was 6.6 g/cm3 [46]. Based on these 

calculations, the amount of liquid that would have been present in the coating at 700 ºC was 

calculated for specimens heat treated at 850 ºC, 2 s + 700 ºC, 5, 20, or 60 s. Both the volume 

percent of liquid in the Γ+L and the volume percent of liquid in the whole coating (using the 

total alloyed coating areas) were calculated. Table 5.1 shows the compositions of the constituent 

phases of the two-phase regions at low and elevated temperature (400 ºC or 700 ºC) estimated 

from the phase diagram [10]. Table 5.2 shows the quantities used for the calculations, and 

resulting estimates of Zn-rich liquid for each condition. Figure 5.10 shows a plot of the 

calculated volume fraction of the coating that would have been Zn-rich liquid at 700 ºC versus 

hold time. This plot suggests a small decrease of Zn-rich liquid from about 30 to 20 pct occurred 

during the 60 s hold at 700 ºC. Though the fraction of the coating that would have been liquid  
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decreased with increased soak time, the liquid fractions observed at all soak times suggest 

that Zn-rich liquid would have been available under all conditions at 700 ºC to interact with the 

Fe-substrate, and possibly promote cracking, during deformation. However, it should be noted 

that the liquid would be separated from the Fe-substrate by an αFe(Zn) layer. 

 
Table 5.1 - Zn Content in Constituent Phases of Two-Phase Regions [10] 

Composition of Each Phase in δ +Γ1 Region at 400°C (wt pct Zn) 

δ 88.5 

Γ1 83.0 

Composition of Each Phase in Γ+L Region at 700°C (wt pct Zn) 

Γ 82.4 

Liq. Zn 95.3 

 

 
Table 5.2 - Phase Area Measurements and Calculated Values for Pct Liquid Determination for 850 ºC, 2 s 

+ 700 ºC, 5, 20 and 60 s Conditions 

Phase 

Measured 

Area 

(μm2) 

Density, 

ρ 

(g/cm3) 

[46] 

Phase Fraction 

(400°C, δ +Γ1) 

(wt. pct)  

Calculated 

Average 

Composition  

(wt pct Zn)  

Calculated 

Volume Pct 

Zn Liquid  

(in Γ+L) 

Volume Pct 

Zn Liquid in 

Coating 

 

850 ºC, 2 s + 700 ºC, 5 s  

δ 560.3±144.9 7.21 77.0±0.1 87.3 47.1±0.2 31.5±7.7 

Γ1 158.5±28.8 7.27 23.0±0.1    

850 ºC, 2 s + 700 ºC, 20 s  

δ 93.5±32.4 7.21 75.7±1.5 87.1 42.3±3.6 16.1±4.9 

Γ1 28.8±16.1 7.27 24.3±1.5    

850 ºC, 2 s + 700 ºC, 60 s  

δ 125.8±22.4 7.21 48.7±4.6 85.7 27.5±2.1 21.8±3.7 

Γ1 131.4±21.9 7.27 51.3±4.6    
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αFe(Zn) layer Composition Variation and Thickness 

EPMA linescans were performed on the deformed specimens heat treated at 850 ºC, 2 s 

and then at 700 ºC, for 5, 20, or 60 s to measure the composition across the αFe(Zn) layer and the 

compositions of the phases closer to the alloyed coating surface. The traces were performed 

across the alloyed coating and into the substrate sheet and were about 50-80 μm long (with a step 

size of 0.25 μm). Figure 5.11 shows BSE images with the location of the EPMA trace indicated 

(blue line) and the resulting composition profile in wt pct for specimens heat treated at 850 ºC, 

2 s and then at 700 ºC, for a) 5, b) 20, or c) 60 s. The traces were performed at an angle to the 

coating surface so that more data points could be obtained across the αFe(Zn) layer. Therefore, 

the x-axis in Figure 5.11 shows only relative, not absolute, thicknesses of the analyzed layers. 

From the linescans, the compositions at both interfaces of the αFe(Zn) layer were measured to 

determine the composition variation across the layer. In all three specimens, the Zn content at the 

Fe-substrate/ αFe(Zn) layer interface appeared to be about 22-25 wt pct, and at the αFe(Zn) 

layer/Zn-rich coating interface about 71-73 wt pct (each indicated with dashed blue lines in the 

EPMA profiles). The Zn content is summarized below, along with the thickness measurements 

of the αFe(Zn) layer, which are discussed next.  

 

 
Figure 5.10 - Calculated volume fraction of Zn-rich liquid in coating versus hold time at 700 ºC. 
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(a) (b) 

 
(c) 

Figure 5.11 - BSE images with the location of the EPMA trace indicated (blue line) and the 
resulting composition profile in wt pct for specimens heat treated at 850 ºC, 2 s and 
then at 700 ºC, for a) 5, b) 20, or c) 60 s (and deformed in tension to a displacement 
of 6.4 mm at 700 ºC prior to quenching). Note that the trace performed on the 
specimen heat treated at 850 ºC, 2 s + 700 ºC, 60 s started at the coating surface and 
then progressed through the coating to the substrate (hence the high Zn content at 
the “70 μm” position) (color image; refer to PDF thesis file). 

 

The average thickness of the αFe(Zn) layer was measured in each the undeformed and 

deformed specimens via QIA on BSE images. The area of the αFe(Zn) layer was thresholded and 
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then divided by the image width to determine the average layer thickness. The undeformed and 

deformed layer thicknesses were used to assess any thinning of this layer during deformation 

after different heat treatment conditions. In addition, the thickness and width of the deformed 

tensile specimens was measured prior to and after deformation and used to calculate the percent 

reduction in thickness and width. Table 5.3 shows the undeformed and deformed αFe(Zn) layer 

thickness, the percent reduction in thickness and width of the specimens after deformation, and 

minimum and maximum Zn content across the αFe(Zn) layer (from the EPMA trace) for 

specimens heat treated at 850 ºC, 2 s + 700 ºC, 5, 20 or 60 s. The specimen heat treated at 

850 ºC, 2 s + 700 ºC, 5 s showed a reduction in specimen thickness and width of about 10 pct 

and 18 pct, respectively. The specimens heat treated at 850 ºC, 2 s + 700 ºC, 20 and 60 s showed 

about 16 pct reduction in thickness and about 21 pct reduction in width. This may suggest that 

the 850 ºC, 2 s + 700 ºC, 20 and 60 s specimens were strained similarly (and more than the 

850 ºC, 2 s + 700 ºC, 5 s specimen) in the regions in which the αFe(Zn) layer was analyzed. The 

αFe(Zn) layer thickness measured in the undeformed specimens appeared to increase with 

increased hold time; this may have been expected due to increased Fe-Zn interdiffusion with 

increased hold time. All deformed specimens had an αFe(Zn) layer thickness of about 1 μm, and 

the variation in the thicknesses resulted in standard deviations that made the ranges overlap and 

suggested that the reductions were overall similar. The reduction in layer thickness suggested 

some thinning of the coating occurred during the deformation step, and implies that the αFe(Zn) 

layer was rather ductile. 

Cracking Behavior and Proposed Coating-Substrate Interaction 

After characterizing the alloyed coatings in the undeformed and deformed specimens, the 

cracking behavior was examined in the deformed specimens held at 850 ºC, 2 s + 700 ºC, 5, 20 

or 60 s, to understand the extent of cracking as it related to hold time at 700C. Figure 5.12 shows 

BSE images of the specimens held at 850 ºC for 2 s, then at 700 ºC for a) 5, b) 20, or c) 60 s, 

before being pulled in tension and then quenched to room temperature. Below the images is a 

qualitative table indicating whether Zn-rich liquid was expected to be present during 

deformation, and whether or not cracks progressed into the αFe(Zn) layer or substrate sheet. The 

specimen held at 850 ºC, 2 s + 700 ºC, 5 s exhibited a continuous alloyed coating (i.e. a coating 

uninterrupted by wide cracks). The specimens held at 850 ºC, 2 s + 700 ºC, 20 s and 850 ºC, 2 s 

+ 700 ºC, 60 s, showed similar features after deformation. Both exhibited cracks from the coating 
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surface to the interface between the Zn-rich layer and αFe(Zn) interdiffusion layer. There were 

no cracks into the αFe(Zn) layer or the substrate in any instance. The cracks also appeared to 

have somewhat blunt tips in both specimens. The cracking response in these specimens suggests 

that though Zn-rich liquid was available to penetrate the substrate material, the αFe(Zn) layer 

may have played a role in preventing the severe cracking commonly associated with LME. 

Discussion of the possible coating-substrate interactions that lead to the cracking behavior 

observed in these specimens is now presented. 

 
Table 5.3 - αFe(Zn) layer thickness in Undeformed and Deformed Specimens Heat Treated at 850 ºC, 2 s 

+ 700 ºC, 5, 20 or 60 s 

  
850 ºC, 2 s 

+700 ºC, 5 s 

850 ºC, 2 s 

+700 ºC, 20 s 

850 ºC, 2 s 

+700 ºC, 60 s 

Undeformed αFe(Zn) 

Layer Thickness 

(μm) 

 3.18 ± 0.82 3.08 ± 0.59 6.30 ± 1.79 

Deformed αFe(Zn) 

Layer Thickness 

(μm) 

 1.10 ± 0.31 0.77 ± 0.33 1.11 ± 0.30 

Percent Reduction in 

Specimen Thickness 

(pct) 

 10.9±0.2 16.5±0.3 16.7±0.2 

Percent Reduction in 

Specimen Width 

(pct) 

 18.1±0.1 21.4±0.1 21.5±0.3 

Zn Content at Fe-substrate/ 

αFe(Zn) Interface 

(wt pct) 

23.4 ± 5.5 21.7 ± 2.1 25.4 ± 4.3 

Zn Content at αFe(Zn) layer/ 

Zn-rich coating Interface 

(wt pct) 

71.2 ± 0.3 73.1 ± 0.7 72.8 ± 2.2 
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Figure 5.12 - BSE images of etched cross-sections of specimens soaked at 850 ºC for 2 s 
followed by a soak at 700 ºC for a) 5 s, b) 20 s, c) 60 s, deformed in tension to a 
displacement of 6.4 mm at 700 ºC, and then quenched to room temperature. A 
qualitative table indicating the (expected) presence of Zn-rich liquid, and observed 
cracks in the αFe(Zn) layer or substrate in each condition is also shown. 

 

Based on the amount of Zn-rich liquid estimated to be present in the coating and amount 

of thinning observed in the αFe(Zn) layer for each condition, an order of events that resulted in 

the crack behavior observed in each specimen is proposed. In the specimen heat treated at 

850 ºC, 2 s + 700 ºC, 5 s, the coating was estimated to consist of about 31 pct liquid, that would 

have also been present immediately prior to deformation. During deformation, the liquid in the 

coating flowed and accommodated the imparted deformation, filling cracks in the coating that 

may have formed. Based on the thinning of the αFe(Zn) layer, it is apparent that this layer was 

ductile enough to thin instead of crack. If the αFe(Zn) layer thinned and did not crack (as 

suggested by thickness measurements, and the appearance of the alloyed coating in the deformed 

specimen), it may have acted as a “barrier” between the Zn-rich liquid and substrate (austenite) 

grain boundaries. If contact between the components in the LME couple (Fe and Zn) was 

prevented in this manner, LME was also prevented. Immediately after deformation (i.e. during 

quenching), the Zn-rich regions of the coating likely transformed to the δ and Γ1 observed at 
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room temperature, resulting in the final coating observed after heat treating (Figure 5.12a). Only 

hairline cracks (indicated by an arrow) were observed in the final deformed alloyed coating 

(likely initiated due to the difference in the coefficient of thermal expansion in the coating versus 

substrate). 

In the specimens held at 850 ºC, 2 s + 700 ºC, 20 or 60 s, the additional hold time at 

700 ºC allowed for further Fe-Zn alloying of the coating, however about 16-20 pct of the coating 

remained as liquid. During deformation, less Zn-rich liquid was available to flow (compared to 

the specimen held at 700 ºC for 5 s), and so areas where the alloyed layer pulled apart appeared 

to have been (only) partially backfilled with Zn-rich liquid. The backfilling of cracks with 

Zn-rich liquid, would have contributed to the blunt appearance of the crack tips observed in the 

850 ºC, 2 s + 700 ºC, 20 or 60 s specimens. The αFe(Zn) layer also appeared to thin (instead of 

crack) in these conditions, and its composition variation was from about 22-73 wt pct Zn. The 

characteristics of the αFe(Zn) layer were similar for all three specimens, and so it is conceivable 

that similar relative ductility would be expected for the layers present in all specimens. Thus, it is 

possible that the αFe(Zn) layer also maintained a barrier between the Zn-rich liquid and Fe-

substrate (as in the specimen heat treated at 850 ºC, 2 s + 700 ºC, 5 s). This also implies that 

complete elimination of Zn-rich liquid is not required prior to deformation if a barrier layer can 

be maintained during deformation. It should also be mentioned that the coatings analyzed in this 

portion of the work all exhibited at least 20 pct δ and 5 pct Γ1 in the coatings, both higher in Zn-

content than the Γ phase required to be present as the industry minimum. When the absence of 

cracking into the substrate is also considered, the alloyed coatings achieved under these 

conditions also presents a basis for optimization of corrosion resistance while avoiding cracking 

and Zn penetration.  

 

5.5 Effect of First Soak Step Time at 850 ºC on Deformation Response  

Phase Identification, Fraction Measurement and Estimated Amount of Liquid 

Specimens were heat treated at 850 ºC, 2, 60, or 120 s + 700 ºC, 20s, and then deformed 

at 700 ºC to assess the effect of holding at the austenitizing temperature on the phase evolution 

and subsequent deformation response. As was done in Section 5.4, XRD was conducted to obtain 

structure information for the phases in the alloyed coatings.  
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Figure 5.13 presents a) XRD spectra showing relative intensity versus 2θ for 22MnB5 GI 

samples that were held at 850 ºC for (from top to bottom): 120 s + 700 ºC, 20 s, 60 s+ 700 ºC, 

20 s, 2 s+ 700 ºC, 20 s or cooled directly to room temperature. Figure 5.13 also shows BSE 

images of each specimen heated to 850 ºC and soaked for b) 120 s, c) 60 s, d) 2 s, before being 

soaked at 700 ºC, 20 s, or e) directly quenched to room temperature. The phases labeled in the 

BSE images were identified via comparison of compositions (obtained from EPMA) to the 

Fe-Zn phase diagram. As mentioned above, peaks corresponding to δ, Γ1, Γ were present in the 

XRD spectra for the 850 ºC for 2 s specimen (cooled to room temperature) and 850 ºC, 2 s+ 

700 ºC, 20 s, with the spectra of the latter showing increased intensities associated with Γ1 and Γ. 

The peaks in the 850 ºC, 60 s +700 ºC, 20 s specimens corresponded to Γ1 and Γ (peaks 

corresponding to δ were not observed). In the BSE image, both Γ1 (lighter gray) and Γ (darker 

gray) were observed, with the Γ regions appearing to consume more of the coating in the 850 ºC, 

60 s +700 ºC, 20 s (compared to the 850 ºC, 2 s specimen). As may be expected from the XRD 

spectra, bright regions consistent with δ were not observed after 60 s, likely due to increased 

alloying between the coating and substrate with increasing hold time at 850 ºC. The XRD 

spectrum of the 850 ºC, 120 s+700 ºC, 20 s specimen showed peaks consistent with Γ1 and Γ. In 

the corresponding BSE image (Figure 5.13a), the coating was consumed by Γ1 and Γ (with 

αFe(Zn) present near the substrate). In general, the highest relative intensities corresponding to Γ 

and Γ1, as well as the increased apparent fraction of Γ were consistent with the greatest amount 

of alloying occurring in the specimens held for the longest time at highest temperature (850 ºC, 

120 s).  

Figure 5.14 shows BSE images and EPMA color maps of Zn wt pct, and Fe wt pct 

(respectively) for specimens heat treated at 850 ºC, a-c) 2, d-f) 60, or g-i) 120 s + 700 ºC, 20 s 

(color image; refer to PDF thesis file). In the 850 ºC, 2s + 700 ºC, 20 s specimen, the coating 

appeared to have compositions consistent with δ (red) surrounded by Γ1 (orange). In contrast, the 

specimen held for 60 s showed most regions with compositions consistent with Γ1 (orange) with 

some dispersed regions of Γ (blue) both in the coating and near the coating-substrate interface. 

The map corresponds reasonably well to both the phases identified in the alloyed coating and the 

spatial distribution of the phases in the coating (Figure 5.13). In the 850 ºC, 120s + 700 ºC, 20 s 

specimen, an increase in the relative fraction of Γ in the coating, and increased Fe content overall 
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was observed. In all three specimens, the αFe(Zn) layer appears to be similar in composition, and 

only appeared to increase in thickness with increasing hold time.  
 

 

 
(b) 850 ºC, 120 s + 700 ºC, 

20 s 

 
(c) 850 ºC, 60 s + 700 ºC, 20 s 

 
(d)  850 ºC, 2 s + 700 ºC, 20 s 

 
(a) (e) 850 ºC, 2 s, Quench to RT 

Figure 5.13 - a) XRD spectra showing relative intensity versus 2θ for 22MnB5 GI samples that were 
held at 850 ºC for (from top to bottom): 120 s + 700 ºC, 20 s, 60 s+ 700 ºC, 20 s, 2 s+ 
700 ºC, 20 s or cooled directly to room temperature. b-e) show BSE images of each 
specimen heated to 850 ºC and soaked for b) 120 s, c) 60 s, d) 2 s, before being 
soaked at 700 ºC, 20 s, or e) directly quenched to room temperature. The phases 
labeled in the BSE images were identified via comparison of compositions (obtained 
from EPMA) to the Fe-Zn phase diagram. 

 

30 40 50 60 70

R
el

at
iv

e 
In

te
ns

ity



850C, 2 s hold

850C, 2 s hold
+700C, 20s

850C, 60 s hold
+700C, 20s

850C, 120 s hold
+700C, 20s

  and 


 

 and 



and 





  60

 

 

 

  
(a) (b) (c) 

  
 

 

(d) (e) (f) 
 

   
(g) (h) (i) 

Figure 5.14 - BSE images, and EPMA color maps of Zn wt pct, and Fe wt pct (respectively) for 
specimens heat treated at 850 ºC, a-c) 2, d-f) 60, or g-i) 120 s + 700 ºC, 20 s (and pulled in 
tension to a displacement of 6.4 mm at 700 ºC prior to quenching) (color image; refer to 
PDF thesis file). 

 

Phase fraction measurements were conducted via QIA and Figure 5.15 shows a plot of 

phase fraction (vol. pct) for all phases (δ, Γ1, α+Γ) versus hold time at 850 ºC for 2-120 s 

(followed by holding at 700 ºC, 20 s, and then cooled). Each data point represents the average 

value, and the error bars are the standard deviation based on measurements conducted on three 

images of each sample condition. Lines connecting the data points are shown as a guide for the 

eye. 

Between the 2 and 60 s hold times at 850 ºC, the fraction of δ decreased (no δ remained at 

60 s), the fraction of Γ1 appeared to increase, and minimal change was observed in the fraction of 

α+Γ. Because no δ was observed in the 60 s condition, it was expected that the average coating 

composition had at least about 18 wt pct Fe (i.e. the minimum Fe needed to alloy into regions on 

the binary Fe-Zn phase diagram where no δ would be present at room temperature). To estimate 

the amount of Zn-rich liquid based on the phase fractions measured at room temperature, 
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compositions of 18 wt pct Fe or higher (that is, 82 wt pct Zn or lower) were considered at 700 ºC 

on the phase diagram. These compositions at 700 ºC were in either the Γ or α+Γ regions of the 

phase diagram, suggesting that no Zn-rich liquid was expected to be present during the 

deformation step. In the specimen heat treated at 850 ºC, 120 s+700 ºC, 20 s, the α+Γ appeared to 

increase significantly (to about 70 pct), and again, the absence of δ suggested that Zn-rich liquid 

would not have been present during deformation if Zn solidification occurred under near 

equilibrium conditions. 

 

 
Figure 5.15 - Plots of a) phase fraction (vol. pct) for all phases (δ, Γ1, α+Γ) versus hold time at 850 ºC for 

2-120 s (followed by holding at 700 ºC, 20 s, and then cooled). 
 

αFe(Zn) layer Composition Variation and Thickness 

As with the specimens held for increasing time at 700 ºC, prior to deformation, EPMA 

linescans and thickness measurements were performed on the αFe(Zn) layers present in the 

deformed specimens heat treated at 850 ºC, 2, 60 or 120 s (and then at 700 ºC, 20 s). Similar 

trace parameters were used as in the previously discussed specimens. Figure 5.16 shows BSE 

images with the location of the EPMA trace indicated (blue line) and the resulting composition 

profile in wt pct for specimens heat treated at 850 ºC, a) 2, b) 60, or c) 120 s and then at 700 ºC, 

20 s. The apparent increase in thickness of the coating in the slightly thicker coating the 850 ºC, 

60 + 700 ºC, 20 s specimen is a result of natural variation in the coating thickness, as mentioned 

in Section 5.2. 
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From the linescans, the compositions at both interfaces of the αFe(Zn) layer were 

measured to determine the composition variation across the layer. In the 850 ºC, 2 +700 ºC, 20 s 

specimen, the Zn content at the Fe-substrate/ αFe(Zn) layer interface was about 22 wt pct, and at 

the αFe(Zn) layer/Zn-rich coating interface about 73 wt pct. In contrast the 850 ºC, 60 and 120 s 

+700 ºC, 20 s specimens had 30-33 wt pct Zn (slightly increased Zn content) at the Fe-substrate/ 

αFe(Zn) layer interface, and about 70 wt pct Zn (slightly decreased Zn) at the αFe(Zn) layer/Zn-

rich coating. Though the variations in Zn are very small, the composition data suggest that the 

difference in Zn content across the interdiffusion (αFe(Zn)) layer decreased with increased hold 

time at elevated temperature.  

Table 5.4 shows the undeformed and deformed αFe(Zn) layer thickness for specimens 

heat treated at 850 ºC, 2, 60, or 120 s + 700 ºC, 20 s along with the percent reduction in thickness 

and width of each specimen are also shown. The percent reduction in thickness of the specimen 

varied from about 16–22 pct and percent reduction in width varied from about 21-24 pct. These 

percent reduction in thickness and width measurements suggest that the ductility of the 

specimens were similar during deformation. The αFe(Zn) layer thickness measured in the 

undeformed specimens appeared to increase with increased hold time (from about 3.1 to 6.5 μm), 

due to increased coating-substrate alloying with increased hold time. The deformed specimens 

also exhibited an increased αFe(Zn) layer thicknesses (from 0.7 to 6.3 μm, with increased hold 

time). The difference in layer thickness with deformation appeared to decrease with increased 

hold time. It might be expected that an increased number of cracks were formed in specimens 

held for increased time at elevated temperature, in order to accommodate the imparted 

deformation. The range of Zn-concentrations in the αFe(Zn) layer is also reported in Table 5.4. 

The thicker coatings maintain a slightly elevated Zn concentration at the coating/αFe(Zn) 

interface, but overall the composition ranges are similar, and additional work is needed to 

characterize the influence of the Zn concentration on the mechanical behavior of the αFe(Zn) 

layer. 
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(a) (b) 

 

(c) 
Figure 5.16 - BSE images with the location of the EPMA trace indicated (blue line) and the 

resulting composition profile in wt pct for specimens heat treated at 850 ºC, a) 2, 
b) 60, or c) 120 s and then at 700 ºC, 20 s (and deformed in tension to a 
displacement of 6.4 mm at 700 ºC prior to quenching). Note that the trace 
performed on the specimen heat treated at 850 ºC, 2 s + 700 ºC, 60 s started at the 
coating surface and then progressed through the coating to the substrate (hence the 
high Zn content at the “10 μm” position) (color image; refer to PDF thesis file). 
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Table 5.4 - αFe(Zn) layer thickness in Undeformed and Deformed Specimens Heat Treated at 850 ºC, 2, 
60, or 120 s + 700 ºC, 20 s 

  
850 ºC, 2 s + 

700 ºC, 20 s 

850 ºC, 60 s + 

700 ºC, 20 s 

850 ºC, 120 s + 

700 ºC, 60 s 

Undeformed αFe(Zn) 

Layer Thickness (μm) 
 3.08 ± 0.59 5.27 ± 1.49 6.55 ± 1.51 

Deformed αFe(Zn) Layer 

Thickness (μm) 
 0.77 ± 0.33 4.22 ± 0.42 6.28 ± 0.27 

Percent Reduction in 

Specimen Thickness 

(pct) 

 16.5±0.3 22.4 ± 0.1 19.6 ± 0.6 

Percent Reduction in 

Specimen Width 

(pct) 

 21.4±0.1 24.0 ± 0.1 23.6 ± 0.4 

Zn Content at Fe-substrate/ 

αFe(Zn) Interface 

(wt pct) 

21.7 ± 2.1 30.3 ± 1.0 33.5 ± 1.7 

Zn Content at αFe(Zn) layer/ 

 Zn-rich coating Interface 

(wt pct) 

73.1 ± 0.7 69.3 ± 1.1 70.2 ± 2.3 

 

Cracking Behavior and Proposed Coating-Substrate Interaction 

Figure 5.17 shows BSE images of etched cross-sections of specimens soaked at 850 ºC for a) 2, b) 60, 

c) 120 s, followed by a soak at 700 ºC for 20 s, deformed in tension, and then quenched to room 

temperature. A qualitative table indicating the (expected) presence of Zn-rich liquid, and observed cracks 

in the αFe(Zn) layer or substrate in each condition is also shown. As mentioned above, the specimen heat 

treated at 850 ºC, 2 s + 700 ºC, 20 s showed no major cracking through the coating and substrate. The 

850 ºC, 60 s + 700 ºC, 20 s specimen exhibited some cracks penetrating through the alloyed coating and 

into the substrate sheet. The cracks that penetrated the substrate were about 2-7 μm deep, a much shorter 

distance into the substrate than the “classical” LME cracks generally reported in literature [1, 3-4]. Some 

cracks that penetrated the substrate exhibited sharp tips (such as the one shown in Figure 5.17b) that may 

be indicative of cracking along grain boundaries. Because only Γ1, Γ, and α were observed in the 

microstructures at room temperature, Zn-rich liquid was not expected to be present during deformation at 
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700 ºC (i.e. the phases did not lie in regions that would have had liquid at 700 ºC on the phase diagram). 

However, comparison to the phase diagram assumes equilibrium conditions, and it is possible that in 

reality a small amount of Zn-rich liquid was present during deformation and, upon contact with the Fe-

substrate, could only penetrate a small distance before the liquid supply ran out. The sharp cracks also 

suggested that Zn-rich liquid did not extensively backfill the cracks (as was suggested in the specimens 

heat treated at 850 ºC, 2 s + 700 ºC, 5, 20, or 60 s). Bright regions that would indicate Zn penetration 

ahead of crack tips were not observed in the BSE images. This suggests that no appreciable Zn 

penetration occurred further into the substrate (below cracks). Alternatively, if Zn-rich liquid was in fact 

absent during deformation, it is possible that thin layers of Zn may have existed at the substrate grain 

boundaries prior to deformation, and cracks propagated along these boundaries. Further work would be 

needed to completely confirm one mechanism over the other. The specimen deformed after heat treatment 

at 850 ºC, 120 s + 700 ºC, 20 s (Figure 5.17c) also exhibited cracks into the coating. However, in contrast 

to the 850 ºC, 60 s + 700 ºC, 20 s specimen, the cracks did not appear to penetrate into the substrate sheet, 

but rather terminated at the αFe(Zn) layer – Fe-substrate interface. The cracks appeared wider, and less 

sharp than the cracks observed in the 850 ºC, 60 s + 700 ºC, 20 s specimen (Figure 5.17b). The 850 ºC, 

120 s + 700 ºC, 20 s specimen also did not exhibit any Zn-penetration. Zn-rich liquid also was not 

expected to be present during deformation at 700 ºC in this specimen.  

The coating-substrate interactions that may have resulted in the cracking behavior 

observed in the specimens described in this section will be hypothesized here. As discussed in 

the previous section, the specimen heat treated at 850 ºC, 2 s + 700 ºC, 20 s was calculated to 

comprise of up to 31 pct liquid, but the continuous αFe(Zn) layer maintained a continuous barrier 

layer to prevent liquid from contacting the Fe substrate (and in turn prevent cracking).  

According to the phase fraction measurements, the specimen heat treated at 850 ºC, 

60 s+700 ºC, 20 s was expected to have minimal Zn-rich liquid present, and thus only a small 

amount (if any) liquid may have been available to interact with the Fe-substrate. Cracks in the 

αFe(Zn) layer would have allowed Zn-rich liquid (if present) to contact the Fe-substrate, and 

possibly diffuse along grain boundaries. The weakening of grain boundaries in this manner, in 

turn, led to cracking into the substrate. The absence of Zn penetration ahead of the crack tip 

suggested that the Zn-rich liquid only penetrated a short distance into the substrate before the 

supply of liquid was exhausted.  
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Figure 5.17 - BSE images of etched cross-sections of specimens soaked at 850 ºC for a) 2, b) 60, 

c) 120 s, followed by a soak at 700 ºC for 20 s, deformed in tension to a displacement 
of 6.4 mm at 700 ºC, and then quenched to room temperature. A qualitative table 
indicating the (expected) presence of Zn-rich liquid, and observed cracks in the 
αFe(Zn) layer or substrate in each condition is also shown. 

 

Prior to deformation, the specimen held at 850 ºC, 120 s+700 ºC, 20 s was expected to 

have no Zn-rich liquid present. During deformation, the αFe(Zn) layer cracked, however the lack 

of Zn-rich liquid resulted in little (if any) migration of Zn along grain boundaries in the substrate 

sheet. It is also possible that the Fe-substrate could plastically deform in the region of the crack 

and enhance the rounded “crater” appearance of the cracks at the substrate.  

Because cracking of the αFe(Zn) layer appears to be a controlling factor in whether or not 

subsequent substrate cracking is observed, it is useful to consider the conditions under cracking 

of the layer was observed. Cracks that propagated through the αFe(Zn) layer were observed in 

specimens held for increased hold times (60-120 s) at 850 ºC. The presence of these cracks 

suggests that there may be a difference in relative ductility between the Fe-substrate and the 

alloyed αFe(Zn) layer. In literature, direct ductility measurements of the alloyed αFe(Zn) layer 

(such as those obtained from uniaxial tension data, or reduction of area measurements) have not 

been reported, however. the formation of “brittle Fe-Zn intermetallics” and, in particular, the 

brittle nature of the Γ phase (Fe-rich phases) has been mentioned in galvanizing literature [10, 

45]. This implies that Fe-Zn intermetallics may be less ductile, or able to accommodate less 
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deformation prior to cracking, than the Fe-substrate below, perhaps consistent with the cracking 

behavior observed in the present work. The specimens heat treated at 850 ºC, 60 or 

120 s+700 ºC, 20 s also exhibited thicker αFe(Zn) layers in both the deformed and undeformed 

conditions and had slightly narrower Zn composition gradients across the layer (compared the 

specimen held at 850 ºC, 2 s+700 ºC, 20 s). This suggests that the composition gradient and 

thickness of the layer affects the relative ductility of the αFe(Zn) layer, however additional work 

is needed to fully understand the character of the αFe(Zn) layer and in turn, its cracking 

susceptibility. 

Overall comparison of all three specimens (with varied hold time at 850 ºC) suggests that 

cracking into the substrate (to any appreciable depth) only occurs when Zn-rich liquid is 

available, and the αFe(Zn) layer cracks to allow Zn-rich liquid to contact the substrate sheet. 

Even in the case where cracking was observed, this cracking was less than 10 μm in depth, much 

less than deep cracks associated with LME, and did not exhibit accompanying Zn penetration. 

The results presented in this section also suggest that Zn-rich liquid may be largely eliminated in 

the coating after 60-120 s at 850 ºC (shorter austenitizing times than typically employed in 

industry [46, 47]). 

 

5.6 Effect of Second Soak Step Temperature on Deformation Response  

Phase Identification, Fraction Measurement and Estimated Amount of Liquid 

Specimens were heat treated at 850 ºC, 2 + 700, 600 or 500 ºC, 20s, and then deformed at 

each respective second soak temperature, to assess the effects of holding and deformation at 

reduced temperatures on the deformation response. Though described in more detail in previous 

sections, the specimen heat treated at 850 ºC, 2 s + 700 ºC, 20 s is also included in the analyses 

presented here for comparison to the other specimens heat treated lower temperatures 

immediately prior to deformation. 

The phase identification and phase fraction measurements were discussed in Section 5.2, 

where the specimens heat treated at 850 ºC, 2 s and 850 ºC, 2 s+500 ºC, 20 s showed similar 

amounts of each phase; the coatings were comprised of about 10-19 pct α+Γ, 19-33 pct Γ1, and 52-

66 pct δ, respectively. The specimen held at 850 ºC, 2 s+600 ºC, 20 s showed increased α+Γ and 

Γ1 (about 34 pct, and 42 pct respectively), and about half as much δ (23 pct) compared to the 
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baseline specimen held at 850 ºC, 2 s+quench. In the 850 ºC, 2 s+700 ºC, 20 s specimen, the 

fraction of Fe-rich phases was the highest (α+Γ = 49 pct and Γ1 = 29 pct).  

Compositions that would have been liquid at elevated temperature were only present in 

the specimen heat treated at 850 ºC, 2 s+700 ºC, 20 s. That is, Zn-rich compositions overlaid on 

the Fe-Zn diagram did not fall in regions where liquid was expected at 500 or 600 ºC (8 or 10 wt 

pct Fe was required to alloy beyond regions that would have had liquid at each temperature, 

respectively). Thus, calculations of the amount of Zn-rich liquid were not needed for the specimens 

heat treated at 500 or 600 ºC. Instead, because some compositions that lie the Γ1+δ region at room 

temperature would have existed in the Γ+δ region at 600 ºC, calculations were done to estimate the 

fractions of δ expected in at elevated temperature. Based on the lever rule calculation method 

described in Section 5.5, and using the densities and compositions of Γ and δ from the phase 

diagram, a Caverage = 85.2 wt pct Zn was calculated for the Γ+δ region of the coating. The fraction 

of δ was calculated to be about 29 pct at 600 ºC and, comparing to the 23 pct δ measured at room 

temperature, this indicated that little transformation of δ to Γ1 took place during cooling (after 

deformation). In the case of the specimen held at 500 ºC, the fractions of phases were expected to 

be similar at the deformation temperature versus room temperature, as the phase compositions on 

the Fe-Zn phase diagram do not change much between these two temperatures. Thus, only 

calculations of the average composition at room temperature were conducted within the Γ1+δ phase 

region, which was calculated to be Caverage=86.9 wt pct Zn. Analysis of the phase fractions in these 

two specimens suggest that similar amounts of each phase observed at room temperature were also 

present at high temperature (i.e. during deformation at 500 or 600 ºC) as well. 

αFe(Zn) layer Thickness 
As with the specimens previously discussed, thickness measurements of the αFe(Zn) layer were 

also conducted in the specimens heat treated at 850 ºC, 2 s + 500, 600 or 700 ºC, 20 s. Table 5.5 shows 

the undeformed and deformed αFe(Zn) layer thickness, and percent reduction in specimen thickness and 

width for specimens heat treated at 850 ºC, 2 s + 500, 600 or 700 ºC, 20 s. In all specimens, as the second 

hold temperature increased, the thickness of the αFe(Zn) layer (in the undeformed coating) also increased 

(from 1.5-3 μm), likely due to increased temperature for interdiffusion of the Fe and Zn. The difference in 

layer thickness appeared to decrease with decreased second step hold temperature, and the deformed and 

undeformed αFe(Zn) layer appeared to have almost the same thickness in the 850 ºC, 2 s + 500 ºC, 20 s 

condition. In contrast to the specimens discussed in earlier sections, the specimens compared here were 
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deformed at different temperatures (500, 600 or 700 ºC). For the various deformation temperatures, the 

thermal gradients in the Gleeble® specimens resulted in different amounts of local strain in the region of 

interest. Though total displacement was held constant, the local strain varied between deformation 

temperatures. Thus, substantive comments cannot be made on the expected differences in cracking 

susceptibility, however, αFe(Zn) layer thickness measurements are still included here to help describe the 

differences in layer growth with different hold temperatures, and serve as a reference for future work.  

 

Table 5.5 - αFe(Zn) layer thickness in Undeformed and Deformed Specimens Heat Treated at 850 ºC, 2 s 
+ 500, 600 or 700 ºC, 20 s 

 
850 ºC, 2 s + 

700 ºC, 20 s 

850 ºC, 2 s + 

600 ºC, 20 s 

850 ºC, 2 s + 

500 ºC, 20 s 

Undeformed αFe(Zn) 

Layer Thickness (μm) 
3.08 ± 0.59 2.54 ± 0.15 1.49 ± 0.42 

Deformed αFe(Zn) Layer 

Thickness (μm) 
0.77 ± 0.33 1.14 ± 0.19 1.45 ± 0.48 

Percent Reduction in 

Specimen Thickness 

(pct) 

16.5±0.3 15.2±0.4 3.8±0.2 

Percent Reduction in 

Specimen Width 

(pct) 

21.4±0.1 19.1±0.4 12.7±0.1 

 

Cracking Behavior and Proposed Coating-Substrate Interaction 

Figure 5.18 shows BSE images of the specimens held at 850 ºC for 2 s, and then at either a) 700, 

b) 600, or c) 500 ºC for 20 s, followed by deformation in tension, and then quenched to room temperature. 

As mentioned previously the specimen heat treated at 850 ºC, 2 s + 700 ºC, 20 s showed characteristics 

consistent with Zn-rich liquid present during deformation, with cracks only in the coating, and a 

continuous αFe(Zn) layer. As described previously, the specimen heat treated at 850 ºC, 2 s + 700 ºC, 20 s 

was the only one in this set of deformed specimens that was expected to have Zn-rich liquid present upon 

deformation. The specimen heat treated at 850 ºC, 2 s + 600 ºC, 20 s exhibited small cracks in the 

αFe(Zn) layer, however these cracks did not appear to propagate far into the coating or substrate, 

(indicated by arrows in Figure 5.18b).  The specimen heat treated at 850 ºC, 2 s + 500 ºC, 20 s exhibited 

narrow cracks that appeared to progress through the both Zn-rich portion of the coating, and terminate at 
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the αFe(Zn) layer/substrate interface. In both conditions, it is likely that the cracks occurred while phases 

in the coating were solid, as liquid was not expected and the cracks appear sharper than those observed in 

the 850 ºC, 2 s + 700 ºC, 20 s specimens. The progression of cracks into the substrate may have been 

avoided due to the lack of Zn-rich liquid in the coating to penetrate into cracks present in the αFe(Zn) 

layer and weaken material ahead of the crack tips. However, the difference in extent of cracking in the 

coating in the 850 ºC, 2 s + 500 vs 600 ºC, 20 s specimens is not fully understood. It is possible that the 

difference in solid phases present at each deformation would have contributed to the difference in 

cracking (i.e. regions characterized as Γ1+δ region at room temperature, may have been Γ+δ during 

deformation at 600 ºC), but without understanding the mechanical properties of these phases, definitive 

conclusions cannot be made. An industrially relevant finding of this portion of the work is that substrate 

cracking was also avoided during deformation at 500 or 600 ºC. Additionally, average coating 

compositions of 85-86 wt pct Zn near the coating surface were maintained, suggesting that the coatings 

may be expected to have high corrosion resistance after processing. Elimination of Zn-rich liquid (by 

transformation to solid phases prior to deformation) appeared to prevent cracks from propagating into the 

substrate, however additional work to understand the role of the phases on cracking of the coating should 

be pursued in the future. 
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Figure 5.18 - BSE images of etched cross-sections of specimens soaked at 850 ºC for 2 s, and then at 

either a) 700, b) 600, or c) 500 ºC for 20 s, deformed in tension to a displacement of 
6.4 mm at 700, 600 or 500 ºC respectively, and then quenching to room temperature. A 
qualitative table indicating the (expected) presence of Zn-rich liquid, and observed 
cracks in the αFe(Zn) layer or substrate in each condition is also shown. 
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5.7 Summary 

In this chapter, the extent of alloying between the coating and substrate was compared for 

specimens heat treated at different hold times and temperatures, to first understand the 

microstructure evolution, and then to relate the evolution to the cracking response during 

elevated temperature deformation. Phase identification was conducted using XRD and EPMA, 

and phase fraction and αFe(Zn) layer thickness was measured using QIA. For specimens 

deformed at temperatures where Zn-rich liquid was expected to have been present, the fraction of 

the coating that may have been liquid was estimated. The main conclusions from this portion of 

the work are summarized below: 

 All processing conditions resulted in coatings containing δ, Γ1, Γ, and α, except specimens 

heat treated at 850 ºC, 120 s +500, 600, or 700 ºC, 20 s (which did not contain δ). With 

increased hold time and temperature, the fractions of Γ and α increased at the expense of 

the δ and Γ1 phases. The presence of Zn-rich δ as the most Zn-rich phase in most coatings 

(and Γ1, in coatings where δ is not present) suggests that coatings with high Zn contents 

between 81-85 pct Zn (especially near the coating surface) were achieved during all heat 

treatments. The high Zn contents meet (and may exceed) the minimum Zn content 

requirements in industry (taken to be about 35 wt pct Zn). Thus, the processing conditions 

used in this work may provide a basis for more rapid processing (higher heating rates and 

shorter soak times) in stamping lines that would result in coatings with increased Zn 

content compared to conventional lines. 

 

 With increased isothermal hold time at 700 ºC, the phase fraction of liquid decreased from 

about 30-20 pct. After deformation, the specimen held for the shortest time (5 s) did not 

exhibit coating cracks, likely due to the higher fraction of Zn-rich liquid available during 

deformation. The specimens held at intermediate and extended times (20 and 60 s), 

exhibited some “cracked” regions in the alloyed coating, that appeared to be a result of 

Zn-rich areas pulling apart during deformation, and then backfilling with liquid in the 

coating. None of the specimens exhibited cracking into the substrate sheet, possibly due to 

retention of a continuous αFe(Zn) layer served as a crack-free barrier between the liquid in 

the coating and the substrate.  

 
 Increased isothermal hold time at 850 ºC (with deformation at 700 ºC), resulted in increases 

in the fraction of Fe-rich phases in the coating and in the thickness of the αFe(Zn) layer. 
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The specimens held at intermediate and extended soak times (60 and 120 s), exhibited 

cracking through the alloyed coatings that terminated just below, and at the substrate 

interface, respectively. The cracks that propagated into the sheet in the 60 s condition were 

suggested to be the result of both the presence of cracks in the a αFe(Zn) layer and some 

minor presence of Zn-rich liquid to promote a small amount of crack propagation upon 

contact with the Fe substrate. In the 120 s specimen, it was proposed that though the 

αFe(Zn) layer cracked, reduced liquid availability prevented crack propagation further into 

the substrate.  

 
 Decreased second step hold temperature (following the same 850 ºC, 2 s hold) resulted in 

less Fe-Zn interdiffusion (for the same hold time of 20 s), and resulted in increased amounts 

of Zn-rich phases in the alloyed coating microstructures after processing. In the specimens 

deformed at 500 or 600 ºC, cracks occurred in the αFe(Zn) layer. In the 500 and 600 ºC 

specimens, cracks were observed in the αFe(Zn) layer but, probably because Zn-rich liquid 

was unavailable, did not propagate into the substrate sheet. The 500 ºC specimen exhibited 

some cracks in the coating, and more understanding of the phase properties is needed to 

explain why the coating cracked in this condition (and not the 600 ºC condition). 

 

This work provided systematic characterization and quantification of the phases evolved 

in the alloyed coatings under time/temperature conditions similar to those used in hot-stamping 

lines that employ pre-cooling prior to deformation. The most Zn-rich coating were achieved 

through either holding for short times at elevated temperature (i.e. 850 ºC, 2 s + 700 ºC, 5, 20, 

60 s), or increased hold times at reduced temperature (i.e. 850 ºC, 2 s +500, 600, or 700 ºC, 20 s), 

suggesting that these coatings may exhibit enhanced corrosion resistance in the final application. 

The findings of this work suggest that cracking can be mitigated by either reducing Zn-rich 

liquid, or maintaining a barrier to prevent contact with the Fe-substrate. Zn-rich liquid in the 

coating can be reduced prior to deformation either via holding at high temperature to increase 

alloying, or reducing deformation temperature such that Zn-rich phases are solid at the time of 

deformation. At higher deformation temperatures where Zn-rich liquid may be present 

(following hold time conditions where minimal alloying has occurred), preservation of the 

αFe(Zn) layer to act as a barrier layer between the Zn-rich liquid and Fe-substrate may prevent 

the liquid-solid contact responsible for promoting LME cracking. 
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CHAPTER 6 : CONCLUSIONS 

Microstructural evolution achieved in the Fe-Zn alloyed coatings developed during 

heating and isothermal holding (single- or two-step) was characterized in this thesis and 

correlated to the cracking response observed during deformation.  

The effect of heating rate on coating-substrate alloying was investigated, with a focus on 

characterizing the phases developed at systematically increasing heating rates. As expected, 

slower heating rates led to greater Fe-Zn interdiffusion. In particular, the lowest heating rate 

(2 ºC/s) to 775 ºC allowed sufficient alloying between the coating and substrate to effectively 

eliminate the presence of Zn-rich liquid at the target temperature. The potential absence of Zn-

rich liquid at elevated temperature indicated that little additional soak time would have been 

required (to further coating-substrate alloying) prior to deformation in order to prevent liquid Zn 

penetration and/or LME in the press-hardening step. With increased heating rate, the amount of 

the coating that would have remained liquid at elevated temperature increased, and the fastest 

heating rate (100 ºC/s) was therefore used in subsequent testing to preserve the Zn-rich phases 

upon reaching austenitizing temperature. 

Characterization of the phase evolution and the effect on deformation response was also 

assessed in specimens heat treated via single- and two-step isothermal heat treatments. XRD and 

EPMA results suggested that combinations of the same phases were developed in all alloyed 

coatings (δ, Γ, Γ1, αFe(Zn)). The QIA results showed that the fractions of the Fe-rich phases 

increased with increased hold temperature and hold time. The presence of Zn-rich δ and Γ1, 

along with average composition calculations, implied that the Zn contents in the coatings that 

may exceed industrial requirements were achieved under most heat treatment conditions. The 

increase in the fraction of Fe-rich phases (i.e. phases with increased melting temperatures) was 

used to infer a complementary decrease in Zn-rich liquid at elevated temperature. The thickness 

of the αFe(Zn) layer also increased with increased hold time and temperature (in undeformed 

conditions). 

Phase development during thermal processing was related to the subsequent cracking 

observed in specimens deformed in uniaxial tension at 700 ºC; in almost all cases, cracking into 

the substrate sheet associated with LME was avoided. Crack mitigation during deformation was 

proposed to be a result of either: reduction of Zn-rich liquid via increased alloying and/or 
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reduced deformation temperature, or maintaining a crack-free αFe(Zn) layer between the alloyed 

coating-substrate, such that contact between the Zn-rich liquid and Fe-substrate was prevented. 

The only case in which substrate cracking was realized was when Zn-rich liquid was available 

for penetration, and the αFe(Zn) layer cracked and allowed liquid/solid interaction (850 ºC, 

60 s+700 ºC, 20 s). An industrially relevant implication of this work is that more rapid 

processing (faster heating rates, and short hold times) than conventionally used in industry, along 

with reduced deformation temperatures, may allow for production of parts with possibly 

increased corrosion resistance (via increased Zn-content) while avoiding LME cracking. 
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 APPENDIX A: ELEVATED TEMPERATURE TENSILE TEST – INCREMENTAL 
DEFORMATION STUDY 

As mentioned in Section 2.2, engineering strains of up to 40 pct and quasi-static strain rates have 

typically been used in elevated temperature tensile tests in LME studies relevant to hot-stamping [4-5]. 

However, the critical deformation necessary to cause cracking has not been reported for increased 

deformation rates (such as 10 mm/s rate used in this work). To determine the necessary displacement 

required to initiate cracking into the coating (and potentially into the substrate) during elevated 

temperature uniaxial tensile testing, a study of the cracking response at incremental amounts of 

deformation was conducted. 

During Gleeble® processing, temperature is controlled by a thermocouple welded to the surface 

at the center of the specimen, and current is applied to resistively heat the specimen until the desired 

temperature is reached. Specimens are held in water cooled grips resulting in higher temperatures at the 

center of the specimen compared to the cooler ends. Because these gradients exist during the entirety of 

the test, they are also present (and can influence the behavior observed) during elevated temperature 

deformation. It was noted that within an 8 mm (0.315 in) region at the center of the sample, the 

temperature at the edges of this region were within 10 °C (lower) of the center temperature for all cases. 

Specimens were deformed to either 3.2, 4.8, 6.4 or 8.0 mm (0.13, 0.19, 0.25, or 0.31 in) in 0.32, 0.48, 

0.64 or 0.8 s, respectively. All specimens were heat treated at 850 ºC for 120 s, and then at 700 ºC for 20 s 

before being strained. This heat treatment prior to deformation was selected to represent the most 

“conservative” condition in which cracking would be possible; that is, the specimen would have high 

ductility at 700 ºC (highest deformation temperature), and a low amount of Zn-rich liquid available for 

penetration into cracks after the 120 s soak at 850 ºC (i.e. longest time at temperature for alloying). If a 

critical amount of deformation to initiate cracking at this temperature/hold time combination could be 

identified, then it was expected that the same displacement (at the 10 mm/s deformation rate) would also 

result in cracking at lower temperatures (less ductile substrate), and shorter hold times (when more Zn-

rich liquid would be available for penetration). Figure A.1 shows a plot of load-displacement data for 

specimens heat treated at 850 ºC for 120 s + 700 ºC for 20 s, and then strained to 3.2, 4.8, 6.4 or 8.0 mm, 

prior to quenching. 

 



  80

 

Figure A.1 - Load-displacement curves for specimens deformed 3.2 – 8.0 mm. 

 

The specimens deformed to 6.4 or 8.0 mm exhibited finely spaced transverse cracks at the sample 

center that appeared to continue into the coating (and possibly substrate). The specimens were then cross-

sectioned and imaged in the SEM to determine the depth of the crack penetration into the substrate 

(beyond the alloyed coating thickness). The specimens deformed to 6.8 or 8.0 mm showed severe 

cracking near the specimen center (necked region) and less severe cracking further from the neck. 

Figure A.2 shows backscattered electron (BSE) images of cross-sections of each specimen after straining 

to a) 3.2, b) 4.8, c) and d) 6.4, or e) and f) 8.0 mm. Figure A.2 c) and e) show typical cracking behavior, 

while d) and f) show more severe cracking behavior for specimens deformed to 6.4 and 8.0 mm, 

respectively. The specimens deformed to 3.2 and 4.8 mm showed small cracks penetrating perpendicular 

to the specimen surface, and stopping inside the alloyed coating. In contrast, the specimen deformed to 

6.4 mm exhibited cracks that continued slightly into the substrate. The 8.0 mm specimen had the deepest 

cracks; the cracks in this specimen progressed into the substrate and appeared to change propagation 

directions before terminating. Based on the observed extent of cracking, it was determined that the 

specimens deformed 6.4 mm underwent the required deformation to initiate cracks in the substrate 

material, and so specimens processed at all conditions were pulled 6.4 mm (in 0.64 s) during the 

deformation portion of this work. If a thermal gage length of 8 mm is assumed (corresponding to a 

temperature difference of about 10 °C lower than the specimen center), the specimens were deformed to 

80 pct engineering strain for all cases. 

 

4.8 mm  

(0.19in) 

6.4 mm  

(0.25in) 

8.0 mm  

(0.31in) 

3.2 mm  

(0.13in) 
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(a) 3.2 mm deformed (b) 4.8 mm deformed 

  

(c) 6.4 mm deformed - typical (d) 6.4 mm deformed - severe 

 

 

(e) 8.0 mm deformed - typical (f) 8.0 mm deformed - severe 

Figure A.2 - BSE images of etched cross-sections of specimens heat treated at 850 ºC, 120 s and 
then700 ºC, 20 s before being strained in uniaxial tension to a) 3.2, b) 4.8, c) and d) 6.4, 
e) and f) 8.0 mm. The tensile axis is aligned horizontally in all cases. 
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 APPENDIX B: CALCULATIONS OF X-RAY DIFFRACTION PENETRATION DEPTH 

As mentioned in Section 3.3, to estimate how much of the alloyed coating was sampled with 

XRD, the X-ray penetration depth was calculated for pure Fe, pure Zn and the equilibrium Fe-Zn phases. 

The method used for calculating the penetration depth is described here. The equation relating intensity of 

a transmitted X-ray beam to the initial intensity after passing through a thickness, x (taken from Cullity 

and Stock [49]), can be used to determine the penetration depth. If the ratio of intensities and constants 

related to the material are known, one can solve for the penetration depth, x. The transmitted beam 

intensity equation is shown below (Eq. B.2): = exp(− ) =  exp −( )                      (B.2) 
where    Ix = intensity of transmitted beam after passing through a thickness, x 

 Io = intensity of the x-ray beam 

 μ = linear absorption coefficient 

 ρ = density 

and,  μ/ρ = mass absorption coefficient (MAC) 

 

The MAC is a commonly tabulated value, as μ/ρ is a constant of the material (independent of 

physical state, i.e. solid, liquid, or gas), and thus is typically used in x-ray penetration calculations. The 

density and MACs for Fe and Zn were obtained from the National Institute of Standards (NIST) website 

and used to calculate the penetration depth for the pure phases. The density and MAC for compounds 

(such as intermediate Fe-Zn phases) is often calculated as the weighted average of each respective value; 

for the MACs for the Fe-Zn phases, this was done using Eq. B.3: = + + ⋯                       (B.3) 

where    w1 = weight percent of first element 

 w2 = weight percent of second element 

Based on the equations shown, a worksheet has been created by the Collaborative Computational 

Project No. 14 (CCP14), which provides calculations for penetration depth based on the elements in a 

material and also for a specific 2θ angle. This worksheet was used to performed calculations for X-ray 

penetration depth; all calculations assumed a Cu Kα source, an intensity ratio of Ix/Io=0.99 (i.e. the 

penetration distance will be that at which 99% of the diffraction intensity can still be observed after 

interaction), and an angle of 2θ = 45°. The angle selection was based on the approximate 2θ angle where 

highest intensity would be expected for most Fe-Zn phases, and thus would be a good indicator for the 

greatest depth of penetration for most of the alloyed coating. The results of the x-ray penetration 
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calculations for each phase are shown in Table B.1. 

The average X-ray penetration depth increases with increased Zn content in the phases; a 3.6 μm 

average penetration depth was calculated for αFe, while a 20.6 μm penetration depth was calculated in the 

ηZn. The intermediate phases had penetration depths between 9.4-16.2 μm, and these depths indicate that 

the majority of the alloyed coating (total thickness ranging between 10-20 μm in the as received versus 

most alloyed condition) should be sampled in most cases. In the highest alloyed condition, where most of 

the coatings may have consisted of Γ and αFe, a penetration depth of about 10 μm was likely achieved, 

suggesting that at least 50 pct of the coating was sampled (assuming a total alloyed layer thickness of 

about 20 μm, as observed in this work) 

 
Table B.1 - Fe-Zn Phase Information and Calculated X-Ray Penetration Depths 

Phase Formula 

No. 

Atoms in 

Unit Cell 

Density, 

ρ 

(g/cm3)  

Average Mass 

Absorption 

Coefficient, μ/ρ 

(cm2/g)  

XRD Penetration 

Depth (99%, at 

2θ=45°) (μm) 

αFe Fe(Zn) [10], [12]  7.87 308.0 3.6 

      

Γ Fe3Zn10[10], [12],[22] 52 7.34 128.4 10.8 

 Fe8Zn18[22]     

 Fe3Zn7[21]    9.4 

      

Γ1 
Fe5Zn21- Fe-4Zn9[10], 

[12] 
405-416 7.27 104.9 11.8 

 Fe22Zn78    11.1 

      

δ 
FeZn11- FeZn6.67[10], 

[12] 
 7.21 85.0 15.6 

      

ζ FeZn13[10], [12]  7.18 75.2 16.2 

      

ηZn Zn(Fe) [10], [12]  7.13 60.3 20.6 
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 APPENDIX C: JEMS SIMULATED STRUCTURES AND TEM PHASE IDENTIFICATION 

As mentioned in Section 3.3, a TalosTM F200X was used to conduct high resolution energy 

dispersive X-ray spectroscopy (EDS) for local composition measurement, and to obtain selected area 

diffraction patterns (SADPs) for local crystal structure information from phases in the alloyed coatings. 

The TEM acquired SADPs, SADPs simulated in JEMS, and percent difference between the calculated 

and measured d-spacings are presented here for specimens heated at either 100 or 10 ºC/s to 775 ºC, held 

for 2 s, and then quenched to room temperature. Figure C.1 and Figure C.2 show bright field images of 

lift outs from specimens heated at 100 or 10 ºC/s to 775 ºC, respectively. The magnified region with 

grains labeled 1, 2, or 3, indicates grains where SADPs and EDS measurements were collected. Indexing 

of the diffraction patterns was conducted by manually measuring the distance between the diffraction 

spots and comparing the resulting g-ratios (g2/g1), interplanar angles (>g2, g1), and d-spacings (for the 

planes indicated) to the data calculated for each Fe-Zn binary phase as simulated in the JEMS software. 

Measurements were conducted on the patterns shown for each grain (center image), and compared to the 

simulated patterns for the same phase and zone axis indicated (right image). The percent difference in 

measured versus simulated d-spacings for each pattern are shown at the bottom of each table. The SADP 

and EDS data are presented for each grain (1, 2, or 3) following the bright field images of each specimen, 

respectively. 

 

 

Figure C.1 - Bright field image of specimen heated at 100 ºC/s to 775 ºC, held 2 s, and 
quenched to room temperature. The magnified region with grains labeled 1, 2, 
or 3 indicate grains where SADPs and EDS composition measurements were 
obtained. 
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FIB lift out from 100 ºC/s for 

phase identification; region 1 
SAPD from Grain 1 Simulated Gamma (Γ, Fe3Zn7) 

Pattern for [111] zone axis 

Measured EDS Composition (wt pct) 

>g2, g1 g2/g1 d-spacing (Å) Zn 69.4 

57.3° 0.937 0.635 Fe 30.6 

Simulated   

>g2 [101], g1 [101] g2/g1 d-spacing (Å)   

60.0° 1.000 0.638   

Percent Difference in d-spacing: 0.4%   

Figure C.1 – Continued 
 

  
 

FIB lift out from 100 ºC/s for 

phase identification; region 2 
SAPD from Grain 2 Simulated Gamma 1 (Γ1, Fe11Zn39) 

Pattern for [212] zone axis 

Measured EDS Composition (wt pct) 

>g2, g1 g2/g1 d-spacing (Å) Zn 82.9 

71.4° 1.581 0.645 Fe 17.1 

Simulated   

>g2 [202], g1 [204] g2/g1 d-spacing (Å)   

71.6° 1.581 0.635   

Percent Difference in d-spacing: 0.87%   

Figure C.1 – Continued 
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FIB lift out from 100 ºC/s for 

phase identification; region 3 
SAPD from Grain 3 Simulated Gamma (Γ, Fe3Zn7) 

Pattern for [111] zone axis 

Measured EDS Composition (wt pct) 

>g2, g1 g2/g1 d-spacing (Å) Zn 78.3 

59.96° 0.998 0.636 Fe 21.7 

Simulated   

>g2 [101], g1 [101] g2/g1 d-spacing (Å)   

60.00° 1.000 0.635   

Percent Difference in d-spacing: 0.12%   

Figure C.1 – Continued 
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Figure C.2 - Bright field image of specimen heated at 100 ºC/s to 775 ºC, held 2 s, and 
quenched to room temperature. The magnified region with grains labeled 
1, 2, or 3 indicates grains where SADPs and EDS composition 
measurements were obtained. 

 

   

FIB lift out from 10 ºC/s for phase 

identification; region 1 
SAPD from Grain 1 Simulated Delta (δ, FeZn11- 

FeZn6.67) Pattern for [001] zone axis 

Measured EDS Composition (wt pct) 

>g2, g1 g2/g1  Zn 89.2 

59.8° 1.000  Fe 10.8 

Simulated   

>g2 [110], g1 [211] g2/g1    

60.0° 1.000    

Figure C.2 – Continued 
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FIB lift out from 10 ºC/s for phase 

identification; region 2 
SAPD from Grain 2 Simulated Zn-rich Ferrite (α, Fe(Zn)) 

Pattern for [001] zone axis 

Measured EDS Composition (wt pct) 

>g2, g1 g2/g1 d-spacing (Å) Zn 23.9 

89.8° 1.011 2.041 Fe 77.1 

Simulated   

>g2 [110], g1 [211] g2/g1 d-spacing (Å)   

90.0° 1.000 2.031   

Percent Difference in d-spacing: 0.5%   

Figure C.2 – Continued 
 

   

FIB lift out from 10 ºC/s for phase 

identification; region 3 

SAPD from Grain 3 Simulated Gamma (Γ, Fe3Zn7) 

Pattern for [113] zone axis 

Measured EDS Composition (wt pct) 

>g2, g1 g2/g1 d-spacing (Å) Zn 70.3 

72.7 1.724 2.165 Fe 29.0 

Simulated   

>g2 [110], g1 [211] g2/g1 d-spacing (Å)   

73.2° 1.732 2.123   

Percent Difference in d-spacing: 2.0%   

Figure C.2 – Continued 
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 APPENDIX D: SCHEMATIC OF MICROSTRUCTURE EVOLUTION DURING TWO-STEP 
HEAT TREATMENTS 

The proposed microstructural development during heat treating of specimens at 850 °C and then 

700, 600 or 500 °C is shown schematically in this appendix, based on the room temperature 

microstructures presented in Chapter 5. Figure D.1 shows a schematic representation of the coating 

microstructural development during heat treating specimens at 850 °C, 2 s + 700 °C for 20 s (labeled A1, 

A2, A3, A4), 850 °C, 2 s + 600 °C for 20 s (labeled B1, B2, B3, B4), 850 °C, 2 s + 500 °C for 20 s 

(labeled C1, C2, C3, C4). This schematic illustration assumes fast cooling rates between isothermal hold 

steps, such that little alloying occurred during cooling (compared to holding). The phase evolution 

described is based on comparison to the Fe-Zn phase diagram, and assuming a bulk coating composition 

in the region indicated via the dashed line box. Though the schematic shown is for the specimens held at 

850 °C, 2 s, a similar progression of microstructural evolution was expected for specimens held at 850 °C, 

for 60 or 120 s (with subsequent holds at 700, 600 or 500 °C), but with increased amounts and sizes of the 

more Fe-rich precipitates (due to increased time at elevated temperature for Fe-Zn interdiffusion). 

For all specimens, the first step of the heat treatment was the same (holding at 850 °C for 2 s, and 

labeled A1, B1, C1), and would have resulted in similar coating microstructures. Upon reaching 850 °C, 

the coating would have been comprised of Zn-rich liquid on top of the Fe-substrate, with a thin αFe(Zn) 

layer in between. According to the Fe-Zn phase diagram, Zn-rich liquid and αFe(Zn) are stable, and so 

during holding at 850 °C interdiffusion of Fe and Zn at the coating-substrate interface resulted in a slight 

increase in thickness of the αFe(Zn) layer. The αFe(Zn) layer is shown in Figure D.1 as a thin layer due to 

short time (2 s) at 850 °C, and would have increased in thickness with increased hold time (i.e. 60 or 

120 s at 850 °C).  

According to the Fe-Zn phase diagram, Γ is stable at 700 °C, and so upon cooling to this 

temperature (A2) Γ may have precipitated in the Zn-rich liquid; the equiaxed morphology of the Γ 

observed experimentally in the coating may support the proposed formation of Γ in the presence of liquid. 

During holding at 700 °C (A3), Fe-Zn interdiffusion at the interface of the Γ and Zn-rich liquid also 

proceeded, resulting in a composition gradient between the Γ and the surrounding (more Zn-rich) region 

of the coating. Upon cooling (A4), the regions surrounding the Γ transformed to Γ1, and the more Zn-rich 

regions in the coating transformed to δ. 

The specimens held at 600 °C after austenitizing at 850 °C had compositions which would have 

existed in the Γ and Γ+δ regions of the phase diagram (B2). It is likely that the Γ formed throughout the 

coating (as with the specimen held at 700 °C), while the δ would have formed in the most Zn-rich liquid. 

During holding, interdiffusion between the Γ and δ occurred, resulting in regions that would have had 
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intermediate Fe and Zn contents between the two phases (B3). Upon cooling to room temperature, some 

of the Γ and δ transformed to Γ1 via the peritectoid reaction at 550 °C (Γ+δ  Γ1).  

In the specimens held at 500 °C (C2), the coating would have had some Zn-rich δ from the 

peritectic reaction at 665 °C, and more Fe-rich compositions that corresponded to the Γ1+Γ and Γ+δ 

regions of the phase diagram. The Γ and Γ1 likely formed concurrently, but only a small amount of each 

was observed in the final microstructure, due to holding at low temperature (i.e. at which diffusion of Fe 

and Zn would have been the slowest, compared to the higher temperature holds).  
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Figure D.1 - Schematics of microstructure evolution resulting from two-step heat treatments at 850 °C, 
2 s + 700, 600, or 500 °C for 20 s. 


