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This study investigates the effect of carbon saturation in a controlled gas environment on the structure and 

microhardness of the surface layers of Zr-1Nb alloy. Durometric, X-ray diffraction and metallographic analyses 

provide data necessary for quality control and prediction of the microhardness gradient. The results provide data for 

optimization processing parameters to achieve reliable surface hardening and ensure high operational characteristics. 
 

 

INTRODUCTION 

     The industrial development of zirconium alloys is 

closely associated with the growth of high-tech 

industries such as nuclear power, aerospace, and 

chemical engineering [1–5]. Zirconium-based alloys 

offer significant advantages over steel in aerospace, 

chemical, medical, and other applications. In particular, 

they are lighter, more corrosion-resistant, and possess 

high specific strength [6–9]. At the same time, several 

factors strongly influence the functional properties of 

zirconium-based alloys. One of the most important is 

their high reactivity with environmental elements –

particularly oxygen, nitrogen, and carbon – which 

readily form solid solutions or compounds such as 

oxides, nitrides, and carbides [10–14]. 

    The condition of the near-surface layer plays a key 

role in ensuring the long-term performance of products. 

For this reason, surface engineering has become an 

effective approach to broadening the functional 

properties of materials, with thermochemical treatment 

being one of the primary methods of surface 

modification [15–17]. Owing to zirconium’s high 

affinity for interstitial elements (oxygen, nitrogen, 

carbon), thermochemical treatment (TCT) is considered 

an efficient means of tailoring the structure and 

properties of near-surface layers [18–20]. 

     Thermochemical treatment, which produces 

hardened surface layers of controlled composition, has 

proven effective in improving the performance of 

titanium and its alloys [21, 22]. Since zirconium alloys 

share structural and property similarities with titanium 

alloys, studies on thin-walled zirconium specimens have 

likewise demonstrated enhanced fatigue life [23]. 

Nevertheless, there remains limited information on 

the effect of surface modification of zirconium alloys 

through diffusion saturation with interstitial elements 

from carbon-containing gaseous environments. This gap 

highlights the need for further investigation. 

MATERIALS, SAMPLES 

AND RESEARCH METHODS 

     The material used in this study was the Zr-1Nb alloy 

with the following composition: Zr – 98.97 wt.% and 

Nb – 1.03 wt.%. Diffusion saturation with carbon was 

performed using a vacuum annealing installation with a 

controlled gas environment, developed and 

manufactured at the Karpenko Physico-Mechanical 

Institute of the NAS of Ukraine. The saturating medium 

was a gas mixture of argon and propane, with a propane 

volume fraction of 16.7%. Saturation was carried out for 

1 to 10 h at temperatures of 650, 750, and 850 °C. 

    The microstructure of the alloys after different TCT 

regimes was revealed by chemical etching with a 

reagent composed of 1 part HF, 1 part H2NO3, and 3 

parts glycerol. For surface illumination, a reagent 

consisting of 5 ml HF and 95 ml H2NO3 was used. 

    The phase composition of the surface layers was 

determined by X-ray diffraction (XRD) analysis on a 

DRON-3.0 diffractometer using monochromatic CuKα 

radiation and Bragg-Brentano focusing geometry. 

Metallographic examinations of the samples before and 

after surface layer modification with interstitial 

elements were performed using optical microscopes 

(“Epiquant” and “Neophot-2”). 

The surface microhardness and its cross-distribution 

in the surface layer of samples were determined using a 

PMT-3M durometer with an indenter load of 0.49 N. 

To measure the surface roughness, a measuring and 

computing complex was used: a standard profilometer 

model 176021, corresponding to type II, accuracy level 

2 according to GOST 19300-86; a personal computer; a 

communication interface between the profilometer and 

the computer; a package of application programs. 
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RESULTS AND DISCUSSION 

Durometric and profilometric studies revealed the 

surface microhardness and roughness, and also 

thickness of the hardened near-surface layer of the Zr-

1Nb alloy after carburizing (Table 1). 
 

Table 1 

Characteristics of the surface layer of carburized Zr-1Nb alloy samples 

Carburizing temperature 

Т, C 

Surface microhardness HV0.49 and 

roughness Ra, size of modified layer l 

Duration of carburizing, h 

1 5 10 

650 

HV0.49 23010 25010 35515 

Ra, μm 0.031 0.432 0.337 

l, μm – – 18...22 

750 

HV0.49 25020 20010 22510 

Ra, μm 0.420 0.180 0.370 

l, μm – – 53...58 

850 

HV0.49 26015 28010 52030 

Ra, μm 0.439 0.406 0.428 

l, μm – – 125...135 
 

 

The results show that with increasing temperature 

and duration of treatment, the surface microhardness, 

roughness, and thickness of the modified layer all 

increase. This is explained by the higher reactivity and 

diffusion mobility of carbon in zirconium at elevated 

temperatures, as well as by the longer diffusion time, 

which expands the strengthened zone. 
 

 

 

 
 

 

Table 2 

Crystal lattice parameters of Zr-1Nb alloy phases after 

carburizing for 10 h 

Treatment 
Phases 

α-Zr ZrС 

a, nm c, nm a, nm 
Etalon 0.3203 0.5147 0.4693 

Without treatment 0.3213 0.5126 – 
650 °С 0.3232 0.5149 0.4656 
750 °С 0.3230 0.5145 – 

850 °С 0.3230 0.5147 0.4671 
 

 

  

a b c 

Fig. 1. Intensity and volume fraction of phases formed on the surface of Zr-1Nb alloy after carburizing under 

different regimes: a – reflection intensity of phase α-Zr; b – α-Zr volume fraction; c – ZrC volume fraction 
 

  

 
а b c 

Fig. 2. Microstructure of the Zr-1Nb near-surface layer after diffusion saturation with carbon at 650 (a); 

750 (b), and 850 °С (c) for 10 h 
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The lattice parameters of the phases formed on the 

alloy surface also changed after carburizing (Table 2). 

XRD analysis (Fig. 1) (diffractograms were obtained 

from the surface of the samples) demonstrated that 

increasing the temperature and duration of carburizing 

decreased the intensity of α-Zr reflections, while 

simultaneously increasing the intensity of ZrC 

reflections. This trend is associated with the growth of 

the ZrC carbide layer, which enhances its shielding 

effect on the underlying α-Zr sublayer. 

Microstructural analysis (Fig. 2) further confirmed 

these changes. With increasing temperature and 

duration of treatment, the ZrC carbide layer became 

more pronounced, while the α-Zr phase was 

progressively shielded. 

CONCLUSIONS 

1. It was established that increasing the temperature 

and duration of diffusion saturation in a carbon-

containing gas environment enhances the intensity of 

zirconium carbide reflections, which is explained by the 

growth of the ZrC carbide layer. 

2. Carburizing at 650…850 °C for up to 10 h 

increases both the surface microhardness (HV0.49) from 

350 to 520 and the thickness of the modified layer (from 

20 to 130 μm). 
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НАВУГЛЕЦЮВАННЯ СПЛАВУ Zr-1Nb У ВУГЛЕЦЕВМІСНОМУ ГАЗОВОМУ 

СЕРЕДОВИЩІ: СТРУКТУРА ТА ВЛАСТИВОСТІ МОДИФІКОВАНОГО 

ПОВЕРХНЕВОГО ШАРУ 

В.С. Труш, П.І. Стоєв, М.М. Пилипенко, І.М. Погрелюк, М.А. Тихоновський, О.Г. Лук’яненко,  

К.В. Труш, В.М. Корендій, В.М. Федірко, О.Й. Коцюмбас, Р.А. Пельо 

Наведено дані щодо впливу дифузійного навуглецювання  на структуру, фазовий вміст та мікротвердість 

поверхневого шару сплаву Zr-1Nb. Показано, що з підвищенням температури та тривалості дифузійного 

насичення вуглецем інтенсивність рефлексів -Zr зменшується, а інтенсивність рефлексів ZrС зростає. Таке 

явище пояснено збільшенням товщини шару карбіду ZrС, через що зростає його екранувальний ефект для 

підшару -Zr. Показано вплив температурно-часових параметрів насичення на зміну товщини зміцненого 

шару та мікротвердість поверхні. Зроблено висновок, що застосування дифузійного насичення вуглецем з 

газового середовищa є перспективним методом впливу на мікротвердість та структуру сплаву   Zr-1Nb. 


